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Abstract 
This Major Qualifying Project encompasses a preliminary structural design, cost 
estimate, construction schedule, and fire protection design for a three-story campus center in 
Boston, Massachusetts.  Utilizing the plans of a campus center for Wheelock College in Boston, 
Massachusetts as a reference, the project team developed a completely new design abiding by all 
relevant reference standards, such as NFPA 13 and ASCE 7-05.  Additionally, structural 
alternatives for lateral frame designs were examined, as well as the design of three additional 
floors of dormitories to be placed on top of the original three-story campus center.   
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Capstone Design Statement 
In this Major Qualifying Project, the project team was responsible for designing a three-
story college campus center in Boston, Massachusetts that was structurally sound, cost 
effective, and equipped with a fire protection system.  The project team developed a 
construction schedule and examined possible design alternatives including the addition of three 
stories of residential space to the campus center design, the incorporation of a braced frame, and 
the addition of a green roof.  By fulfilling these objectives, the MQP satisfies the requirements 
necessary for Capstone Design. The challenges the project team faced involved six realistic 
constraints: economics, the environment, sustainability, constructability, ethics, health and 
safety, and social implications.  
Economic 
 A cost estimate for the designed building systems and elements, such as beams, 
girders, columns, connections, and fire protection systems, was completed. 
 The final structural building design was chosen based upon the cost effectiveness 
of several building alternatives. 
Sustainability 
 The environmental and structural implications of a green roof addition were 
investigated to promote environmental awareness. 
 The investigation of a mixed-use campus center and residential facility was 
conducted in an attempt to maximize living space in a densely populated urban 
environment. 
Constructability 
 Several structural design scenarios were developed: composite and non-composite 
construction, various beam and bay sizes, and rigid and braced frames to offer 
construction alternatives. 
 An awareness of the constructability of structural and fire protection aspects from 
a project management point of view impacted the design.  Several times 
throughout the design process member sizes were altered to facilitate ease of 
construction. 
 A construction schedule was developed to investigate construction-related 
activities, and the appropriate project duration and critical path were determined. 
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Ethics 
 The project team ensured the appropriate codes were incorporated and the design 
of the structural and fire protection systems followed established standards. 
Health and Safety 
 The campus center was designed with fire protection systems and fire protection 
methods were taken into account when designing the structural scheme. The fire 
protection system was developed in compliance with several NFPA building 
codes, including NFPA 5000, NFPA 101, and NFPA 13. 
 All structural designs and construction schemes were developed in compliance 
with the ASIC Steel Manual, ASCE 7-05, and the International Building Code to 
ensure proper provisions were made for structural safety.  The International 
Building Code was also used to determine building height and area limits 
consistent with the fire protection systems. 
Social 
The design was influenced by the following factors: 
 The construction of the campus center is intended to promote a social atmosphere 
on the college campus and create a sense of community. 
 The multi-functional campus center will provide various opportunities for 
meetings and social events for students and members of the surrounding 
community. 
 Development of additional residential stories is intended to promote on-campus 
housing and offer an alternative to those students who have difficulty finding off-
campus housing.  
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1.0 Introduction 
Campus centers and other student gathering areas provide social and recreational 
opportunities for college students.  Particularly within urban areas where space is limited, it is of 
the utmost important that colleges enhance the student experience by maximizing their land use.  
The motivation for this study was the design and construction of Wheelock College’s newly 
constructed joint campus center/dormitory building. The design of this facility incorporated 
many technical elements of the structural engineering discipline while also capturing the social 
and educational needs of college students. 
 The project team’s overall goal was to develop the structural design for a three-story 
campus center located in Boston, Massachusetts.  Major tasks that were completed to accomplish 
this project included: determining the functionality of the areas and resulting loads acting within 
the building, designing the structural elements for several alternative designs, and performing a 
cost estimate for the structural materials, design, and equipment required for each alternative.  In 
addition to these tasks, a further analysis of the building included the structural re-design of the 
campus center with the addition of three stories of residential living space on top, the fire 
protection requirements for the three-story campus center, an investigation of the feasible 
alternatives for a green roof, and the development of a construction schedule and cost estimate 
for the initial three-story design.   
 To accomplish the goals of this design project, several steps were taken to ensure the 
building was able to support all necessary loadings while still abiding by all relevant codes.  
Using the International Building Code, architectural floor layouts were modeled in Autodesk 
REVIT.  Upon finalization of the loading, Excel spreadsheets and RISA were used to calculate 
the structural member sizes for the beams, girders, and columns.  The overall design was 
completed with the sizing of connections, a lateral frame analysis, foundation design, and an 
investigation of fire protection systems.  From the completed design, a cost estimate and a 
construction schedule were generated to provide a price for the building. The schedule and cost 
estimate were based upon the building as a whole, with values for structural components 
calculated based on the design, and the remainder of the building calculated based upon industry 
averages.  The projected cost and duration of the project was compared to that of the WPI 
Campus Center in order to ensure corroborate the results from this project to an existing 
building. 
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 A considerable amount of background research was needed in order to effectively 
understand and meet the project objectives. Major topics discussed in the following chapter will 
include the characteristics of the campus center and dormitory building at Wheelock College, a 
site description and architectural layout for the campus center that the project team will be 
designing in Boston, Massachusetts, the importance of fire protection elements and the 
applicable fire code provisions, and an examination of green roof alternatives and related case 
studies. This background information, combined with prior education in the civil engineering 
discipline and capstone design considerations were instrumental in the development of the 
project methodology.   
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2.0 Background 
Life on college campuses across the country has been centralized through the 
construction of functional and attractive student centers.  These buildings have specific and 
unique needs and functions that require equally specific and unique engineering solutions.  
Examples of distinctive solutions that have been implemented on college campuses include:  the 
construction of basketball courts over swimming pools (shown at the new WPI Recreation 
Center) and the design of a 23-foot deep truss that supports the roof over a hockey arena (shown 
at Boston University). 
Over the past decade, dozens of schools have improved their campuses and enhanced 
their reputation through the construction of student social or recreation centers.  The types of 
project vary from the $17 million WPI campus center completed in 2001, to the $225 million 
Boston University John Hancock Student Village, completed in 2005. The John Hancock Student 
Village is home to student housing, a full size hockey and basketball arena, and a plethora of 
athletic facilities and equipment available to all Boston University students.  Another project 
born of necessity and school advancement is Wheelock College’s six story, $24 million campus 
center and student residence building, located in the heart of Boston and completed in 2009. 
2.1 Wheelock College Campus Center and Student Residence 
 The Wheelock College Campus Center and Student Residence is the main source of 
inspiration for the project’s direction.  Investigation of this building enhanced the group’s 
knowledge of the technical, social, and environmental implications of campus centers.  
Wheelock College was chosen for this study because it is located in Boston, Massachusetts, the 
same area as the campus center that the group will be designing.  Thus, it had similar design 
conditions, including soil type and external loading.  Additionally, the primary building material 
in both our project and Wheelock College’s Campus Center was structural steel (Emporis, 2010). 
2.1.1 General Information 
 The need and excitement for a campus center at Wheelock College was voiced by 
Wheelock President, Jackie Jenkins-Scott, who stated, “We are thrilled to start construction on 
this new building that will support and provide much needed space for our growing programs 
and enrollment at Wheelock College.” (Wheelock College – A Note from the President, 2007).  
The design and construction of the Wheelock College Campus Center and Student 
Residence was the result of careful preparation by a number of groups.  This building was a $24 
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million fast-track project designed by William Rawn Associates, Architects, Inc. (Biemiller, 
2009). The construction was overseen by Shawmut Design and Construction, the primary 
managers for the project. (Wheelock College – Team Members, 2007).  Construction of the 
Wheelock College Campus Center and Student Residence began in 2007 and lasted through 
2009.  An attractive feature of the project is the manner in which the designers added significant 
usable space for students with the development of the campus center.  The existing site area prior 
to construction was approximately 25,700 square feet; whereas, the gross floor area of the 
finished building is 58,000 square feet spread over six stories.  The major addition of usable 
space for students is an important project element because it allowed Wheelock to maximize the 
use of its land area and expand, a vital practice in a congested urban area. 
2.1.2 Room Functionality   
The Wheelock College Campus Center and Student Residence has significant multi-
functional space.  The building serves as a student activity center, dining hall, and residential 
living space for the students (Wheelock College Climate Action Plan, 2010).  The first floor 
consists of a campus store, café, student organization offices, study space, and multi-purpose 
rooms; the second floor is a cafeteria; and the upper floors are devoted to suite-style dormitories 
equipped with living rooms and private bathrooms (Wheelock College, 2007).  The residential 
floors consist of living accommodations for 108 students and provide students with “magnificent 
views of Boston” (Biemiller, 2009).  The architectural and structural drawings of the Wheelock 
College Campus Center and Student Residence can be found in Appendices B and C of this 
report. 
2.1.3 Sustainable Design Enhancements 
A focus on sustainable design and LEED earning certification were major considerations 
in the development of the Wheelock College Campus Center and Student Residence.  The 
building received LEED Gold Certification in January of 2010 from the United States Green 
Building Council (USGBC) (Wheelock College Climate Action Plan, 2010).  Some of the initial 
strategies in the design and construction that helped the building become LEED certified 
included: having day-lit common areas, using low-flow fixtures, and implementing a monitored 
construction waste management program (The Green Engineer, 2007).  Other sustainable 
techniques that are currently used in the building include: the “purchase of green power, 
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alternative transportation initiatives, storm water control, water efficient landscaping, water 
efficiency, and controllability of systems” (Wheelock College Climate Action Plan, 2010).  
 The group used portions of the Wheelock Campus Center and Student Residence as a 
model for the architectural layout and room functionality of our campus center design.  
Sustainability concerns were also targeted in the design of the three-story campus center.  Our 
treatment of sustainability was primarily centered on an investigation of alternatives for the 
design of a green roof in order to promote the ideals of sustainable building.  
2.2 Project Description 
 Many of the site and design considerations of the Wheelock College Campus Center and 
Student Residence provided a basis for the project.  The critical background information 
necessary to understand and develop our design included: the project site location, soil types and 
external loadings, and room functionality and corresponding internal loadings. 
2.2.1 Location of Project Site 
 The campus center designed for this project was located on a college campus in Boston, 
Massachusetts.  Boston is an urban setting and consists of a variety of different colleges. There 
exist a number of challenges that were addressed with the design and construction of this facility 
that stem from the space limitations imposed by the urban location.  These foreseen challenges 
included a lack of available open space for design, high amounts of traffic congestion, and 
limited access for construction and delivery. 
2.2.2 Soil Types and External Loadings 
 The soil type and external loadings are dependent upon the location of the building. 
These pieces of information are critical because they influence the loadings that act on the 
building that are considered during design.  Soil types and the bearing capacity are critical values 
for the design of footings and foundations. The soil bearing capacity that was used for this 
project was the same as the soil classification for Wheelock College. Refer to the geotechnical 
report conducted by McPhail Associates, Inc. for Wheelock College in Appendix D of this 
report. Based upon the Seismic Design Considerations section of the McPhail Associates report 
on Wheelock College (Page  6 of report), the soil type that was considered was Type S2 which is 
specified in the Massachusetts State Building Code. The allowable bearing capacity of the 
footings was 2.0 tons per square foot, as outlined by the McPhail Associates, Inc. Foundation 
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Engineering Report (McPhail Associates, 2007).   Some characteristics of the soil profile for the 
site, as identified in the Wheelock College geotechnical report, are outline below. 
 Project site consists of a 2.5 ft to 10 ft thickness of loose to compact, brown to gray fill 
material resulting from previous generations of site development. 
 The underlying material ranges from a silty sand with a trace of some gravel and organic 
material to a sand and gravel trace. 
 Stabilized groundwater levels are located at 11.8 ft to 15.8 ft below the existing ground 
surface. 
The consideration of external loads is important for the design of the building frame. 
Given the building’s New England location, the snow load is an important gravity load that was 
considered.  The wind load is a major factor that affects the design of the lateral force resisting 
system. Although it was expected that wind would be the determining factor, earthquake base 
shear was also checked for comparison.  Design values for wind and earthquake load provisions 
were found using ASCE 7-05 (American Society of Civil Engineers, 2005). 
2.2.3 Room Functionality and Internal Loadings 
The design live loads within the building are dependent on room functionality. A three-
dimensional model of the structural frame was created using REVIT Structural, a program that 
allows for visualization of member locations.  Girders, columns, walls, and floors are input into 
REVIT to precise specifications and dimensions. The creation of the REVIT model allowed for 
the creation of all structural floor plans and room layouts (Autodesk REVIT Structure, 2006).    
The Campus Center has a variety of functional areas over the three floors including 
bathrooms, eating areas, study areas, offices, meeting rooms, and others.  The loadings based on 
anticipated room functionality for the various floors are summarized in the following table. The 
values were obtained from ASCE 7-05.  ASCE 7-05 is an architectural reference that contains 
tables with international standards for live loads based upon room functionality.  Additionally, 
ASCE 7-05 contains the necessary procedures for determining the lateral loads acting on a 
building. Table 1 summarizes all necessary live load data taken from ASCE 7-05. 
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Table 1: Design Live Loads based on Room Functionality 
Room Function Floor Location Loading 
Bathrooms 1, 2, 3 75 psf 
Information Area 1 100 psf 
Computer Area 1 100 psf 
Bookstore 1 100 psf 
Book Storage 1 125 psf 
Kitchen Storage 1 125 psf 
Kitchen 1 250 psf 
Food Court 1, 2 100 psf 
Hallways 1, 2, 3 80 psf 
Café 2 250 psf 
Offices 2, 3 50 psf 
Mailrooms 2 125 psf 
Multimedia Area 2 100 psf 
Lounge Area 2 100 psf 
Game Area 2 100 psf 
Meeting Rooms 3 100 psf 
Odeum 3 100 psf 
Conference Room 3 100 psf 
 
The loading for each floor location was used in conjunction with the areas they affect to 
determine the design forces to which the structural members were subjected.   
2.3 Green Roofs 
Today, design does not refer strictly to the functionality of a building itself, but also 
encompasses how the building will interact with its surroundings and the environment.  This 
broader consideration has resulted in the increasing popularity of green roofs in the United States 
as a sustainable design option because of the many environmental benefits they provide.  A green 
roof is classified as a “vegetated roof cover, with growing media and plants taking the place of 
bare membrane, gravel ballast, shingles, or tiles” (greenroofs.com, 2010).  Benefits of having a 
green roof include the reduction of heating/cooling costs, less noise pollution, a decrease in 
storm water runoff, and a decline in the heat island effect in urban areas.  These benefits have 
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sparked a considerable amount of interest in the construction of green roofs, and major American 
corporations like Ford Motor Co. and H.J. Heinz Co. have installed green roofs on their factory 
roofs, which can span many thousands of square feet (greenroofs.com, 2010).  
2.3.1 Types of Green Roofs 
Green roofs are classified into one of two categories: extensive or intensive. A 
comparison of the two is laid out in Figure 1 below.  Note that extensive green roofs are 
described in the first column and intensive green roofs are described in the second column. 
 
 
Figure 1: Comparison of Extensive and Intensive Green Roofs 
Source: Oberndorfer, Erica. (2007). Green Roofs as Urban Ecosystems: Ecological Structures, 
Functions, and Services. BioScience, 57(10). 
 
Extensive Green Roofs 
Extensive green roofs, or eco roofs or low profile roofs, consist of thinner and fewer 
layers, which makes them less expensive and require lower maintenance costs.  The roofs can be 
pitched up to 30 degrees although greater slopes can be accomplished with the proper soil 
retention systems.  Typically extensive green roofs contain only a few of the plant species that 
require shallower planting media.  These species are mostly alpine type plants that can survive in 
high winds, high drought and high frost condition and have heat tolerance.  Alpine species 
include grasses, mosses, and flowering herbs.   
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Soil media depth for these species ranges from 2.5” to 6”, a relatively thin layer, which in 
turn reduces the overall weight of the green roof while still maximizing thermal and hydrological 
performance and aesthetic value.  When fully saturated, the overall weight ranges from 10-50 
lbs/ sq. ft and costs typically range between $14-$25/sq. ft.  Most extensive green roof systems 
contain soil composed of 70%-80% inorganic material which helps with aeration and drainage, 
while the 20%-30% organic materials help promote healthy plant life (greenroofs.com, 2010).  
For the first year extensive green roofs need to be watered and maintained, but after this period 
they are relatively maintenance free compared to intensive green roofs. Figure 2 shows a cross 
sectional diagram of a typical extensive green roof. 
 
Figure 2: Extensive Green Roof Construction 
Source: Wark, Christopher G. & Wendy W. Wark. (2003). Green Roof Specifications and 
Standards. The Construction Specifier 
 
Intensive Green Roofs 
 Intensive green roofs, or rooftop gardens, typically have a much higher profile and 
greater variety of plant species than extensive green roofs.  In addition to a variety of plant 
species intensive green roofs can have waterfalls, ponds, and medium-sized trees which can add 
to the complexity of the roof.  With this added complexity comes additional costs and design of 
the roof support system.  The cost of basic intensive roof gardens begin at $25-40 per square foot 
but with more amenities comes added cost and the final cost can be very expensive.   
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The roof loading of a fully saturated intensive roof can range from 80 to120 pounds per 
square foot (greenroofs.com, 2010).  The increase in weight over an extensive roof is due to the 
added weight from the thicker soil media which is 8”-12” but can reach several feet, the weight 
of the water in ponds and waterfalls, and the weight of the larger plant species. Another factor 
that can affect the loading  is whether or not the roof is walkable.  Design loads for walkable 
roofs must take the added weight of people into account which can add dozens of pounds per 
square foot.  Figure 3 depicts a cross section of an intensive green roof.  
 
Figure 3: Rooftop Garden Construction 
Source: Wark, Christopher G. & Wendy W. Wark. (2003). Green Roof Specifications and 
Standards. The Construction Specifier 
 
2.3.2 Benefits of Green Roofs 
 Numerous studies have shown that in addition to the aesthetic value of green roofs, there 
are also many environmental, social, and economic advantages to their implementation.  These 
advantages range from the reduction of heating/cooling cost to reduction of storm water runoff.  
These advantages have prompted many urban cities are starting to build more green roofs and 
reap the benefits that they have to offer. 
Storm-Water Runoff 
 During heavy rains in urban areas the drainage systems might overflow and cause 
combined sewer systems to discharge in to rivers and lakes.  Part of this problem comes from 
conventional flat roofs that simply dump the rain runoff into gutters or the streets.  Studies have 
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shown that by having a green roof the storm water runoff can be collected or dissipated through a 
longer period so the city drainage systems are not overwhelmed (Oberndorfer, 2007).  The 
differences between green roofs and conventional roofs are illustrated in Figure 4 which shows 
data from a test plot in Ottawa, Ontario, Canada in 2002. 
 
Figure 4: Storm-Water Runoff Retention in a Green-Roof Test Plot 
Source: Oberndorfer, Erica. (2007). Green Roofs as Urban Ecosystems: Ecological Structures, 
Functions, and Services. BioScience, 57(10). 
 
The values displayed are sums of total runoff retained. The green roof had 15 centimeters 
of growing medium and was planted with lawn grasses (Liu and Baskaran 2003); it was 
compared with an adjacent conventional roof of the same size (Oberndorfer, 2007).  The chart 
shows that with conventional roofs the runoff is much higher compared to green roofs, which can 
absorb more of the rainwater for a longer period of time.  In temperate climates and in the hot-
humid tropics the actual number can reach far beyond these estimates (Oberndorfer, 2007). 
Reduction of Heating/Cooling Cost 
 One of the largest benefits that green roofs provide is a reduction in a building’s 
heating/cooling costs.  Depending on the thickness and composition of a particular green roof, 
the amount of heat flow through the roof can be significantly reduced when compared to a 
conventional roof.  In the summer months cooling is reduced by physical shadings, increased 
insulation, and increased thermal mass.  In one study, during peak demand the cooling load was 
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reduced by 10% for the entire building.  This large drop was due to a significant decrease in heat 
flow from the roof to the rooms directly below the roof (Kennedy, 2006).  
Figure 5 illustrates the reduction of heat flow from conventional roofs to two different 
types of green roofs measured during one study. 
 
Figure 5: Comparison of Average Heat Flow between Green Roofs and Conventional Roofs 
Source: Oberndorfer, Erica. (2007). Green Roofs as Urban Ecosystems: Ecological Structures, 
Functions, and Services. BioScience, 57(10). 
Abbreviations: AI, after installation; BI, before installation; kWh, kilowatt-hour; W, watt. 
 
In this study, green roofs were installed in late July 2002. Green roof A has 10 cm of light-
colored growing medium; green roof B has 7.5 cm of dark-colored growing medium. Both were 
installed in Toronto. Graphs are redrawn from Liu and Minor (2005) (Oberndorfer, 2007). 
With all this new research contributed to the performance of green roofs, the project team 
wanted to know how a green roof would change the design of the proposed campus center.  Extra 
consideration was put into both the beam sizes due to the added load, and the possibility of 
additional beams, which would increase the cost of the campus center.  Would this added cost to 
the support the green roof, in addition to the maintenance costs for the roof planting be more than 
the saving it could provide through the reduction of heat transfer?  Or could the aesthetic and 
social aspects of a green roof on an urban campus contribute more than the costs? The group 
addressed these questions through the design and cost estimation. 
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2.4 Fire Protection 
Fire Protection is the study and practice of mitigating the unwanted effects of fires.  
Every year college students and tertiary institutions face a growing number of fire-related 
emergencies.  “The United States’ mortality rate from fires related events ranks seventh among 
the 25 developed countries for which statistics are available.” (The Geneva Association, 2007). 
Protecting the safety and welfare of people is the primary focus of fire protection in these 
settings.  The fire-safety objectives of a college campus can be simplified as a system dedicated 
to the protection of people and property and continuity of facilities operations. Multiple codes 
require engineers to actively consider the safety of occupants within the building. The fire safety 
concepts tree from the National Fire Protection Association (NFPA), shown below in Figure 6, 
outlines the relationships between fire prevention and fire control strategies. 
 
Figure 6: Fire Safety Concepts Tree 
Source: Cote, Arthur E. (2008). Fire Protection Handbook 
The fire safety concepts tree divides the strategies for achieving fire safety objectives into 
two categories: prevent fire ignition and manage the fire impact.  These include the effectiveness 
of the fire codes during the structure’s construction and the monitoring and upkeep of the 
systems installed.  It is important to properly design the structure in accordance with the NFPA 
codes and standards and the International Building Code (IBC), which will be the code of record 
for this design. Managing the fire impact is crucial because the time and location of fire ignition 
is impossible to predict.  Therefore, being prepared to manage any fire is important in providing 
a safe environment for the building as a whole.  
The fires on the campuses of Wesley College in Dover, Delaware and Longwood College 
in Farmville, Virginia are examples of failure of multiple aspects of the fire safely concepts tree.  
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The fires on these campuses resulted in one fatality and injured a total of nineteen people.  The 
lack of fire awareness, equipment failure, and lack of necessary equipment were the reasons for 
damages in property and human life (Center for Disease Control and Prevention, 2010). 
On April 28, 1987, in the Frazer Dormitory of Longwood College, a fire occurred which 
resulted in the injuries of fifteen students.  The cause of the fire was an overloaded circuit and 
the injuries could have been easily avoided if the following avoidable issues did not arise: 
 Malfunction of Smoke Detectors 
 Alarm System Failure 
 Lack of Sprinklers 
 Delayed Evacuation 
 Delayed Fire Department Notification 
 Lack of Self-Closing Room Doors 
The above issues could have easily been prevented if the fire protection systems were properly 
installed and regularly maintained.  This fire is yet another example of the importance of 
structural aspects of a building because without the self-closing doors the smoke spread rapidly 
throughout the building.  The installations of a sprinkler suppression system could have easily 
managed the fire from growing out of control to become very damaging.  The fire protection 
objectives create safer environments and allow buildings to withstand and prevent devastating 
losses (Center for Disease Control and Prevention, 2010). 
2.5 Related Structural Schemes and Design Resources 
 The structural design and analysis of a building incorporates a variety of elements 
including: beams, girders, columns, lateral force resisting systems, connections, and foundations. 
The loads applied to each floor are transferred by a decking system to beams which then frame 
into the girders on each floor.  The girders are connected on each floor to columns, whose job is 
to transfer the loads to the foundations where the forces are ultimately dissipated into the 
surrounding soil or rock.  The purpose of the lateral force resisting system (LFRS) is to absorb 
lateral loads and, without any aspect of structural failure, transmit them to the ground as well.  
The natural progression of forces through the structure formed the basis for the order of 
structural design and analysis followed over the course of this project. 
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2.5.1 Composite Construction  
Composite beam-slab construction is a load bearing system in which a concrete slab is 
supported by a steel beam with a transfer of shear between the two through steel studs.  This 
transfer of shear allows the two materials to act as one unit to support loads, thus best utilizing 
the favorable properties of each material.  Steel is best in tension and concrete is best in 
compression so each is located where, under the expected bending, they will be subjected to 
these forces.  Additional advantages of composite construction include a greatly increased 
resistance to bending and deflection and a better ability to handle overload (McCormac, 2008). 
Full composite construction is defined as composite construction where the section of the 
composite member that is in compression is located solely in the concrete slab and the tension 
section is fully located within the steel.  The difference in direction of the internal forces in the 
two elements causes a large shearing force where they meet that must be carried by the studs.  
The larger this force is, the more studs are required. 
In most cases, the determining factor for selecting the size of the steel member in a 
composite beam is not the bending or shear capacity that is gained after the concrete has cured 
and composite capacity is attained. Rather, the steel is limited by construction loads.  This means 
that the full bending strength of the steel available in full composite construction is not required.  
By using fewer studs the engineer can lessen the shear transfer between the two, thus lowering 
the neutral axis into the steel member.  This is referred to as partial composite construction.  
When this occurs the steel is now carrying some of the compression, as well as all of the tension 
and is closer to behaving as a bending member.  Although the steel is under more stress it is still 
well within its limits, and the designer has made the composite section more economical by 
lessening the material and installation cost of the studs. 
2.5.2 Lateral Force Resisting Systems 
Apart from designing a structural frame to resist gravity loads an engineer must also take 
lateral loads into account, such as wind and earthquakes.  There are different options that can be 
investigated to achieve this but the core principal centers upon a Lateral Force Resisting System 
(LFRS) whose job is to adequately brace the building against lateral loads.  Because the building 
will act as a unit when facing lateral loads the LFRS does not need to encompass the entire 
building like a gravity system does.  Rather, it is usually a frame or two in each direction of the 
building that are located towards the building’s centerline. 
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Gravity systems center on the transfer of weight from beams to girders to columns to the 
supporting foundations and ground.  The job of a lateral system is to take a sideways load and 
transfer it to the ground through the connections and the columns.  This can be accomplished 
with either a braced frame or a rigid frame.  In the braced frame the connections are assumed to 
be pin connected.  Each section of a frame created by two beams and two girders is then braced 
with two diagonal steel members which connect opposite corners, as shown in Figure 7.  When 
the building is subjected to a lateral loads the shear and bending in the structure is transferred 
into tension in the bracing elements, and then makes its way to the ground through the columns.  
In a rigid frame the connections between the girders and columns are designed in such a way that 
they are fixed.  The braced frame relies on the axial resistance of the columns and braces, but the 
behavior of a rigid frame is derived from the flexural resistance of the girders and columns.  
 
Figure 7: Example of Braced Frame LFRS 
Source: Nu-Way Engineering Corp. (2010). Steel Image. Retrieved September 25, 2010, from 
http://nu-waycorp.com/Images%5CSteel.jpg. 
 
2.5.3 Steel Design Resources 
In order to complete a structural design project of this type, a variety of reference s and 
resources must be utilized in the appropriate manner.  There are several reference books that 
have information essential to the structural design of a steel structure.  The first of these is the 
ASCE 7-05.  This design standard contains all of the necessary gravity and lateral loading 
information to determine what forces the members are under.  The indoor gravity loads are 
tabulated based upon room function and occupancy loading.  The exterior gravity loads and 
lateral loads are weather related and are thus calculated based upon the location of the building. 
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 The computer based resources used during the design of this project include Autodesk 
REVIT Architectural, Microsoft Excel, RISA 2D educational, STAAD, and AutoCAD.  These 
resources were vital at various stages of the design.  Autodesk REVIT is software that was used 
to create a basic three-dimensional model of the building for which two dimensional layouts and 
plans were taken.  Microsoft Excel was used extensively for the design of all structural aspects of 
this project.  The advantage of Excel is that it provided an efficient means of performing the 
multitude of repetitive calculations that contribute to the design of a building of this magnitude.  
RISA is compute program that allowed for the structural analysis of an indeterminate two-
dimensional frame.  The forces calculated in RISA were input into Excel spreadsheets where the 
structural design was completed.  Based on the designs, AutoCAD was used to render the final 
structural plans.  
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3.0 Methodology 
This Major Qualifying Project was divided into four principal areas of focus: structural 
design, fire protection design, construction management, and structural alternatives.  The overall 
scope of the project and corresponding activities are outlined in Figure 8.  The following 
sections describe the methods used within each of the major focus areas for the project.
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Figure 8: Project Scope of Work Flow Chart 
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3.1 Structural Design 
 The structural design on the three-story campus center was divided into a number of areas 
including beam, girder, column, connection, lateral force resisting system, column baseplate, and 
foundation design.  The LRFD design approach with corresponding equations and data from the 
AISC Steel Construction Manual was used for the sizing of all structural building elements.  In 
addition to these resources, notes from activities conducted in the WPI course CE 3006: Steel 
Design were used as templates for the development of the design spreadsheets.  Figure 9 
highlights the processes that were involved with the structural design of the three-story campus 
center. 
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Figure 9: Structural Design Flowchart 
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 Figure 9outlines the major activities that were completed for the structural design of the 
three-story campus center.  The structural design was based on the loadings that were correlated 
to the architectural scheme of the building.  Within each of these activities, there were a number 
of important considerations and assumptions that were made to guide the design process.  The 
following sections discuss some of the considerations involved in each design category. 
3.1.1 Architectural Layout: REVIT Model and Room Functionality 
 The structural analysis of the building was dependent upon the established architectural 
layout.  In order to establish a feasible architectural layout of the three-story campus center, the 
architectural scheme of the Wheelock College Student Residence Center was referenced.  
Several considerations were made before a final architectural scheme was developed.  Some of 
the flaws of the original building were corrected in order to increase its functionality.  A list of 
some of the modifications made throughout the design process is tabulated below: 
 Multiple changes in overall shape to accommodate design process 
 Significant increase in bay size and overall building footprint size 
 Addition of perimeter stairwells 
o Increase in the number of stairwells from three to five due to fire safety 
requirements 
 Modification of interior room layout to accommodate fire codes 
Through these considerations, combined with consultations with Professor Albano, the overall 
building shape and dimensions were established.  The layouts and functionalities of the rooms 
were determined and the building was drawn using REVIT. 
 Based on the established architectural scheme, the corresponding live loads for each type 
of room were determined as specified in ASCE 7-05.  These live loads, along with the snow 
loads, were used during the design of the beams, girders, and columns for the gravity load 
system.  Calculations for the determination of the snow load are presented in Appendix E of this 
report.  
3.1.2 Beam Design 
 Prior to beginning the beam design, several assumptions were made with regards to the 
decking and concrete slab size and thickness.  Based on prior design experience and the given 
loading conditions, it was determined that a 3 in. decking with 6.25 in. concrete slab (60 psf) was 
assumed for the interior floors, and a 3 in. decking with 4 in. concrete slab (45 psf) was assumed 
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for the roof.  Another major assumption based upon previous course experience at WPI was that 
the beam spacing for all three floors was 10 ft. on center.  Once the proper assumptions were 
established, beams were grouped according to beam length and live loading.  The beam grouping 
method is elaborated in Chapter 4: Structural Design of Three-Story Campus Center. 
The development and use of spreadsheets guided the design of the beams, as well as the 
subsequent design of girders, columns, connections, and footings.  Major references used for the 
development of the spreadsheets included the AISC Steel Construction Manual and CE 3006 
class notes.  The design process was conducted within these spreadsheets, following the LRFD 
procedure.  The function of the spreadsheets was to handle the repetitive calculations involved 
with the structural design of a building of this scale.  Spreadsheets were an efficient means of 
designing the numerous structural components of the building.  Spreadsheets were developed 
using class material from the WPI class CE 3006: Steel Design as a reference.  The adequacy 
checks considered when designing these members were:  
 Shear 
 Bending capacity 
 Deflection 
 Lateral torsional buckling 
 Flange local buckling 
 Web local buckling 
Each of these adequacy checks were completed for both in-construction and in-service 
conditions.  To further review the individual checks that were completed during the beam design 
process, refer to Appendix F for the design spreadsheets and calculations. 
An important investigation made during the beam and girder designs was the use of full 
composite versus partial composite members.  As previously mentioned in Chapter 2 of this 
report, partial composite members typically are more economical.  For each selected beam size, 
the number of studs was calculated for both full composite and partial composite interactions.  If 
the partial composite design proved to be structurally adequate, it was chosen based upon 
economic considerations.  
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3.1.3 Girder Design 
Upon completion of the beam sizing, the girders were designed.  Girders were grouped 
based upon a similar rationale as the beams (refer to Chapter 4 of this report for a further 
explanation of the grouping process).  A similar spreadsheet that was used with the beam design 
was incorporated with the girder design.  The design of the girders involved the use of RISA to 
obtain the actual moments and shear acting on the girder for both the in-service and in-
construction adequacy checks.  As was done with the beam design, full composite and partial 
composite designs were both investigated.  The adequacy checks considered when designing 
these members were:  
 Shear 
 Bending capacity 
 Deflection 
 Lateral torsional buckling 
 Flange local buckling 
 Web local buckling 
Each of these adequacy checks were completed for both in-construction and in-service 
conditions.  To review the series of checks that were completed during the girder design process, 
refer to Appendix G for the girder design spreadsheets and calculations. 
3.1.4 Column Design 
 The first step in the design of the steel columns was to determine the tributary area of 
load that each column must support.  The loading acting on each column was determined based 
upon the live loads within the tributary areas and the girder sizes framing into the columns.  All 
of the columns with corresponding tributary areas, live loads, and girder loads were organized in 
an Excel spreadsheet locate in Appendix H.  Based upon the loads, column groupings were 
determined on the basis of supported loads and locations.  The governing member in each group 
was determined in order to establish a relatively uniform design for efficient construction.  One 
column size was used for all three stories as this is cheaper with respect to construction and 
labor.  One column located in the entryway of the building was put into its own design group 
because it was 24 ft. tall.  Columns were designed using a spreadsheet that followed the LRFD 
design approach for the limit state of flexural buckling.  To review the series of checks that were 
25 
 
completed during the column design process, refer to Appendix H for the column design 
spreadsheets and calculations. 
3.1.5 Connection Design 
 Connections were designed for both beam-to-girder and girder-to-column load 
transitions. Rather than designing for every connection in the building the group chose to design 
a few typical connections.  The connections that were designed were selected by finding the 
maximum loading scenario and examining locations that had similar loading scenarios that 
would be applied to other places in the building.  The two types of connections that were 
designed were a single angle and a double angle connection between girders and columns.  Two 
spreadsheets were created for the design of connections: one spreadsheet for single angle design 
and the other for the design of the double angle.  These spreadsheets contained all necessary 
checks for the LRFD design approach. The adequacy checks considered when designing these 
connections were: 
 Shearing on the bolts 
 Bolt bearing angle 
 Bolt bearing on the beam web 
 Shear failure capacity of the angle 
 Shear yield capacity of the angle 
 Block shear 
 Bearing on the supporting member 
To further review the series of checks that were completed during the connection design process, 
refer to Appendix I for the design spreadsheets and supporting calculations. 
3.1.6 Lateral Force Resisting System Design 
 Once preliminary sizes for the beams, girders, and columns were established, lateral 
frame analysis of the rigid frame was conducted to check the adequacy of combined gravity and 
lateral loadings.  The first step in this phase of the project involved using ASCE 7-05 to 
determine the lateral wind and earthquake loads.  The wind load was determined following the 
Simple Procedure outlined in Section 6 of ASCE 7-05.  The earthquake force was determined 
using provisions in Section 11 of ASCE 7-05.  Tables 2, 3, and 4 show the parameters and 
calculations that were conducted to determine the snow load, wind load, and seismic load from 
the provisions of ASCE 7-05. These tables are also presented in Appendix E of this report.  
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Table 2: Determination of Snow Load 
Factor Name Value 
Supporting Table and/or 
Figure 
Important Assumption(s) 
Ce Exposure Factor 0.9 Table 7-2 Fully exposed  
Ct Thermal Factor 1 Table 7-3 Normal thermal conditions 
I Importance Factor 1.1 Table 7-4 
Category III Building - 
Table 1-1 
pg Ground Snow Load 40 Table 7-1 and Figure 7-1 Massachusetts area 
pg Snow Load (psf) 27.72     
 
Table 3: Determination of Wind Load 
Factor Name Value 
Supporting Table and/or 
Figure 
Important Assumption(s) 
λ 
Exposure 
Adjustment 
Coefficient 
1.08 Figure 6-2 
Exposure B, Mean roof height 
between 35  ft and 40 ft 
Kzt Topographic Factor 1 Figure 6-4 Flat ground 
I Importance Factor 1.15 Table 6-1 Category III Building 
ps30 (psf) 
Simplified Design 
Wind Pressure 
15.9 Figure 6-2 
100 mph wind, Exposure 
Category B 
ps Wind Load (psf) 19.75     
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Table 4: Determination of Seismic Load 
Factor Name Value 
Supporting Table and/or 
Figure 
Important Assumption(s) 
W 
Effective Seismic 
Weight (k) 
6102.8
75 
Section 12.8.1.1 
Dead load + 25% of live load 
of storage areas 
Fa 
Short-Period Site 
Coefficient 
1 Table 11.4-1 Site Class B, Ss < 0.25  
Ss 
Mapped MCE, 
Response 
Acceleration  
0.15 Table 11.4-1 Maximum value 
SMS 
MCE, Response 
Acceleration Factor 
at Short Periods 
Adjusted for Site  
0.15 Equation 11.4-1 Calculated value 
SDS 
Response 
Modification Factor 
0.1 Equation 11.4-3 Calculated value 
R 
Component 
Response 
Modification Factor 
3.5 Table 12.2-1 
Moment resisting frame, 
Ordinary steel moment 
frame 
I Importance Factor 1.25 Table 11.5-1 Occupancy Category B 
Ct   0.028 Table 12.8-2   
hn (ft) Height of Building 36     
x   0.8 Table 12.8-2   
T 
Fundamental Period 
of Structure 
0.492 Equation 12.8-7 Calculated value 
TL 
Long Period 
Transition Period 
6 Figure 22-15 New England region 
S1 
Mapped Max 
Considered EQ 
Spectral Response 
Acceleration  
0.07 Figure 22-2 New England region 
Fv   1 Table 11.4-2 Class B, S1 < 0.1 
SM1   0.07 Equation 11.4-2 Calculated value 
SD1   0.047 Equation 11.4-4 Calculated value 
CS Seismic Design Force 0.0357 Equation 12.8-2 Calculated value 
Upper Cs Upper Bound 0.0339 Equation 12.8-3 T < TL 
Lower  Cs Lower Bound 0.01 Equation 12.8-4 S1 < 0.6g 
V 
Seismic Base Shear 
(k) 
206.6 Equation 12.8-1 Calculated value 
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 The number and locations of the frames were determined.  Lateral wind and earthquake 
loads were analyzed using RISA in both the North-South and East-West directions.  Appropriate 
horizontal point loads were applied along each of the building frames in the given direction. 
Also, appropriate dead loads (weight of supporting beams + weight of decking) and live loads 
(weight of concrete + occupancy live loads) were applied as vertical distributed loads along each 
of the frames.  
The distribution of the lateral loads acting on the frames in each direction was an 
important component of the analysis.  The total wind force acting in each direction was 
determined by multiplying the wind load (in psf) by the tributary wall area.  For the wind force, 
the roof story carried 1/6 of the total force, the third floor carried 1/3 of the total force, and the 
second floor story carried 1/2 of the total force. Base shear was distributed due to the inertia of 
each floor.  The total wind load and earthquake load acting in each direction were evenly 
distributed between the two frames.  Refer to Appendix J for tables showing the wind and 
earthquake loads that were applied to the frames in both directions. 
 Once member sizes and appropriate loadings were entered into RISA, the program was 
used to obtain the shear, moment, axial force, and deflection for each member.  In order to 
organize the structural analysis results and have an efficient means of design, spreadsheets were 
developed.  The results for shear, moment, and axial force were input into the spreadsheet. The 
appropriate load combination formulas were also input into the spreadsheet so the governing 
loading combination for design could be determined.  The adequacy of the preliminary members 
from the original girder and column designs were checked versus the new values for shear and 
moment.  After all new member sizes were selected they were input into RISA and a final 
deflection check was done.  In this test both the earthquake and the wind loads were applied and 
the deflection of the roof was checked.  If necessary, new columns and composite girders were 
designed following the same procedure outlined in the previous sections.  The designs obtained 
from the lateral force resisting system analysis were considered the final designs for the project. 
 Upon completion of the lateral frame analysis and design for the three story campus 
center, further research revealed that, due to the occurrence of negative bending in lateral frames, 
it is incorrect to assume composite construction for the girders involved in the LFRS.  The 
composite members can still be used for gravity loadings, but the lateral analysis needs to be 
done using only the steel members.  This was corrected for the three story and a summary of the 
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corrected results are the ones presented in chapter four.  The design of the girders as adjusted to 
no longer include any composite action, or the design of the studs.  Additionally, it was 
necessary to include a section about the effects of lateral torsional buckling on the moment 
capacity of the members.  For the east west frames the unbraced length was 10 feet and for the 
north south frames the unbraced lengths were 30 feet.  The effects of lateral load induced 
negative bending in LFRS members was found before doing the 6 story analysis so there was 
only one set of calculations needed for that part. 
For further information about the lateral frame analysis spreadsheets, refer to Appendix 
K.  This appendix only shows the revised spreadsheet after the afore mentioned design mistake 
was corrected, and the corresponding re-designed girder sizes.  It should also be noted that the 
member sizes based upon gravity loads were calculated based upon composite construction and 
the shear transfer between the concrete and steel through the studs.  The number of studs for the 
LFRS girders will be the number of studs calculated to be necessary from the gravity loads girder 
design.  For example, if a composite girder was found to need 30 studs to carry the gravity 
loading, and the member size was increased due to lateral loads, the new size will be used with 
30 studs. 
3.1.7 Footing and Column Base Plate Design 
 The design of the supporting footings and column base plates was completed 
simultaneously because these two building elements are dependent upon one another.  Concrete 
footings were used as the means of support for the columns of the building.  The design of the 
concrete footings and base plates followed the procedures outlined in the AISC Steel Manual.  In 
addition, the design approach that was used for a laboratory exercise conducted in the WPI 
course CE 3006: Steel Design was used as a reference for the development of the design 
spreadsheets.  Footings and base plates were designed for each of the column groupings of both 
the three story and six story building.  Two major types of base plates were designed: one type 
for the columns that only supported gravity loads and then the other type for the columns of the 
lateral frame resisting system which supported both gravity and lateral loads.  
 Design of the footing dimensions was dependent upon the soil bearing capacity (found on 
page 4 of the geotechnical report for Wheelock College presented in Appendix D) and the axial 
load from the supported column.  Since the proposed campus center will be in a similar location 
as Wheelock College, the same soil type and bearing pressure of 2.0 tons per square foot 
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specified by McPhail Associates in the geotechnical report for Wheelock College was assumed 
for this campus center building.  The appropriate footing size was determined based upon the 
column load and allowable soil pressure.  Refer to Appendix L for footing design spreadsheet 
and calculations. 
 The design of the two types of base plates, gravity base plates and moment resisting base 
plates, followed two different procedures.  For the gravity base plates, the required base plate 
area was calculated based on the factored axial column load Pu and the compression factor ϕc.  
The governing axial load Pu was obtained from structural analysis software. RISA was used for 
the three-story campus center and STAAD was used for the six-story residential building.  The 
larger value between this calculated area and the area of the supported column governed the 
design.  Based on the governing required base plate area, the necessary dimensions of the base 
plate were calculated.  The adequacy of the bearing strength of the concrete was checked and the 
required thickness of the base plate was calculated to determine the final base plate design.  
Some of these final designs were used as a basis for the sizes of the base plates for the moment 
resisting base plates.  To review the calculations and checks involved in the gravity column base 
plate design, refer to Appendix L for the design spreadsheets.   
 The column base plates that supported the columns of the lateral force resisting frame 
were designed to be resistant to an overturning moment.  The approach used for the design of the 
moment resisting base plates depended on the calculated eccentricity value, e, and the column 
depth, d.  If e < d/2, then the base plate was designed so that welding was not required; whereas, 
if e > d/2, the column base plate design involved determining the amount of required welding.  
Initial base plate areas for those of the lateral frame were taken from the sizes of similar loadings 
from the strictly gravity base plates.  When e < d/2, the base plate size depended on the 
governing check for bending in the transverse direction. When e > d/2, the amount of 1-3/8” 
bolts required, the appropriate plate size, and the thickness of E70 electrode weld was 
determined.  The final check that governed this design was that the tension flange strength was 
greater than the actual tension applied to the plate.  To review the calculations and checks 
involved in the moment resisting column base plate designs, refer to Appendix L for the design 
spreadsheets.   
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3.2 Fire Protection Design 
 The fire protection requirements for the three-story campus center were a major 
consideration for this project.  Passive and active fire protection requirements for the given 
architectural layout of the building were based upon the codes of IBC and NFPA.  The categories 
of fire protection that were designed for this project are presented in Figure 10. 
 
Figure 10: Fire Protection Flowchart 
A building’s general requirements, such as occupancy classification or construction type, 
set the guidelines for most of the other aspects of fire protection.  The occupancy classification 
identifies the intended use of an area.  The hazards and quantities of the hazards vary from 
occupancies, and the code accounts for the various range of combustible materials.  The 
construction type classifies the materials used in constructing the building.  The behavior of the 
different building materials varies and the code accounts for this variation in the building’s 
height and area limitations.  Fire protection systems are fully dependent upon the determination 
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of these general requirements before system design begins.  The occupancy classification 
affected almost all categories because the activities and occupants in areas of the building 
correlated to what type of fire protection was required.  The building construction type and 
building area and height limitations had importance in terms of the initial design and 
construction of the campus center.  Due to the requirements imposed by codes and standards, 
modifications had to be made in order to assure the building was code compliant.  Since the 
building was planned to include an automatic sprinkler system the codes allowed for some 
reductions in certain areas of the process whereas without the automatic sprinkler system more 
restrictive code provisions would have been applied.    
The determination of the means of egress was a very in-depth process and required 
attention to detail because of the comprehensive codes used in the IBC.  The means of egress 
involved the occupancy classification, the occupant load, and the dimensions of the building.  
Those three categories affected the exit capacity, exit access, exit and exit access doorways, exit 
travel distance, corridors, number of exits, and the exit signs.  The means of egress sometimes 
required alterations to the layout and design of the floor plan.  The means of egress led into the 
development of passive fire protection because certain aspects in terms of exit locations affected 
the strength of the fire rating.  Passive fire protection required knowledge of the occupancy 
classification in order to justify the types of finishes and fire barriers/doors required.  The fire 
barriers/doors depended on the location of particular structures (corridors, shaft enclosures, etc.) 
because particular fire ratings were needed for each area.  The analysis of appropriate codes and 
the design of the passive fire protection systems are presented in Chapter 5: Fire Protection 
Requirements of this report. 
Active fire protection analysis and design involved a determination of the requirements 
for alarm systems, standpipes, portable fire extinguishers, fire department connections, sprinkler 
systems, and hydraulic flow calculations for the three-story campus center.  The primary method 
used to determine these requirements included an in-depth analysis of the specifications of the 
IBC and NFPA codes.  The analysis of these codes and the design of the active fire protection 
systems are presented in Chapter 5: Fire Protection Requirements of this report. 
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3.3 Construction Management: Cost Estimate and Schedule 
 The construction management portion of this project encompassed two main areas of 
preconstruction, the cost estimate and construction schedule.  These components are very 
important in understanding the economic and scheduling feasibility of a construction project.  
Without an accurate cost estimate of schedule the owner and contractor will not be able to 
efficiently produce a quality construction project. 
3.3.1 Cost Estimate 
  The cost estimate was developed through a quantity takeoff approach for the designed 
aspects, while the remaining aspects were developed through square foot cost data.  These two 
aspects of cost estimation resulted in the division of the components into two major categories.  
The first category or portion the group designed consisted of the structural steel, studs, decking, 
concrete, and all fire protection systems while the second group consisted of all the interior and 
exterior costs.   
With the quantity takeoff approach all of members had to be designed first so that the 
cost could be based on their size or area.  The costs for the designed components of the campus 
center were based upon average unit cost values found in the RS Means Construction Cost Data 
book.  For each member that was designed there was a different bare cost (cost of materials, 
labor, and equipment) and total cost (bare costs plus overhead and profit) that was found in RS 
Means Construction Cost Data.  These values were then input into an Excel spreadsheet and 
multiplied by their respective quantities to find the total cost of each item.  Once all the costs 
were determine, the dollars per square foot cost of the designed items could be presented for the 
whole building. 
The first step to creating the structural cost analysis started with the structural steel which 
included the beams, girders, and columns.  The total length for each member size had to be 
calculated by examining the structural design drawings, and the prices for each member were 
found in the RS Means Construction Cost Data book.  Figure 11 shows an example of a 
structural drawing that was used to help calculate the quantities of the overall building.  
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Figure 11: Example Structural Drawing of the Second Floor used For Quantity Calculations 
The total length of each member had to be determined to use in accordance with the 
structural steel prices in dollars per linear foot listed in RS Means.  Typically, the larger the 
structural member, the larger the unit cost.  To organize the data the costs were divided by each 
floor and then added together to find the total cost of the structural steel.  When specific member 
sizes were not listed in the RS Means Construction Cost Data book, the member closest in size 
was used as a rough estimate of the price.  Table 5 shows an example of the template that was 
used to calculate the cost for each floor. 
Table 5: Example of Beam and Girder Cost Estimate Template 
Beam/Girder Cost Estimate 
 
Floor Member 
Bare cost total 
(Material, Labor, 
and Equipment) 
Total Bare plus 
Overhead and 
Profit Linear Feet Bare cost total 
Total Cost Plus 
Overhead and 
Profit 
 2 W12x14 $24.08 $28.50 256 $6,164.48 $7,296.00 
2 W12x19 $27.66 $32.50 160 $4,424.80 $5,200.00 
    
Total Costs $10,589.28 $12,496.00 
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To calculate the cost of the studs, concrete decking, steel decking, and fire protection 
systems the same approach as the structural steel was used.  The only differences were due to the 
difference in units of quantities used.  The studs, concrete decking, steel decking, and fire 
protection system used quantities of each, cubic yards, square feet, and linear feet respectively. 
To calculate the costs for the interior and exterior of the building a square foot cost 
analysis was done.  The components of the exterior consisted of walls, windows, doors, roof 
covering, roof drains, spread footings, and basement excavation.  The interior components 
consisted of partitions, wall finishes, floor finishes, ceiling finishes, interior doors, elevators, 
plumbing fixtures, water distribution, HVAC system, electrical, and lighting.  The exterior and 
interior components were calculated either by total square footage of the building or the square 
footage of wall surface and multiplying them by the given factors in RS Means Square Foot Cost 
Data.  This provided a close approximation on the costs for each component based upon 
previous college student centers.  Table 6 shows a template of the square foot cost template used 
for the interior and exterior components. 
Table 6: Example of Square Foot Cost Template 
Exterior Cost Estimate 
Exterior enclosure Quantity (Sq. ft) Cost per Sq. ft Total Cost 
Exterior walls (75% of wall) 24462 $30.85 $754,652.70 
Exterior windows (25% of wall) 8154 $37.60 $306,590.40 
  
Total $1,061,243.10 
 
Once all of these total costs were calculated they were added together and divided by the 
total square footage of the first, second, and third floors.  This cost represents the dollar or cost 
per square foot of the entire building for the designed and approximated elements of the campus 
center. 
3.3.2 Construction Schedule  
The project team developed a construction schedule for the three story campus center in 
order to effectively convey the scope of work and time duration involved with a project of this 
magnitude.  In order to develop a list of activities with appropriate durations, the group 
referenced the activities involved in the construction of related facilities and also published data 
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listed in RS Means.  The project schedule was developed using PRIMAVERA project scheduling 
software which helped sequence activities and identified the critical path of construction.   
The list of construction activities encompassed the major areas of construction involved 
with the building.  A major resource for developing this activity list was the scheduling 
information from Gilbane Building Company for the construction of the new WPI Sports and 
Recreation building.  This information was made available to the group as part of a term project 
in the WPI course CE 3020: Construction Project Management.  Related activities between the 
recreation facility and the proposed campus center were designated to appropriate CSI divisions.  
A complete listing of the 16 CSI divisions is presented in Table 7. 
Table 7: CSI Divisions 
CSI Divisions 
01 Project Management 09 Finishes 
02 Site Work & Excavation 10 Specialties 
03 Concrete 11 Equipment 
04 Masonry 12 Furnishings 
05 Metals 13 Special Construction 
06 Wood and Plastics 14 Conveying Systems 
07 Thermal & Moisture Protection 15 Mechanical 
08 Doors and Windows 16 Electrical 
 
Activities which related to the design of the three-story campus center and their 
corresponding durations were taken and adjusted based on the size ratio between the recreation 
facility and the proposed campus center.  It was determined that the sports and recreation facility 
was approximately 1.5 times the size of the proposed three story campus center.  For example, 
millwork installation required a duration of 90 days for the WPI Sports and Recreation Center so 
the adjusted duration for the proposed campus center was 60 days.  This approach was used to 
approximate the durations of the activities for which the group did not design quantities and/or 
specifications.   
For those activities whose quantities were determined through the design portion of the 
project, durations were determined using the productivity data listed in RS Means.  These 
activities consisted primarily of those in Division 5: Metals.  Appropriate productivity values 
were assigned to the various types of designed beams, girders, and columns and total durations 
of installation were calculated.   
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Once durations were assigned to all activities the group conducted a series of card tricks 
to determine the appropriate sequence of construction work.  A card trick is a common method 
used in the construction industry to assign predecessors and successors for each activity/trade 
involved in a project.  Note cards (each consisting of one activity and duration) were placed in a 
logical order by group members.  Each note card was given predecessors and successors and lag 
time, if appropriate. Once the card trick was complete, the sequence of activities was entered into 
PRIMAVERA, a common project scheduling software used in the construction industry.  Within 
PRIMAVERA, each activity was assigned the identified successors and predecessors and the 
Gantt Chart was developed.  Once all activities were entered, the schedule was run and the 
critical path of activities was identified by PRIMAVERA.  The construction schedule is 
presented in Chapter 6: Construction Management of this report. 
3.4 Structural Alternatives 
 In addition to the basic structural design of the three-story campus center, the group 
chose to investigate the implications of three structural alternatives: the addition of three 
residential stories to the basic three story design, the use of a braced frame rather than a rigid 
frame for the lateral force resisting system in three-story campus center, and the addition of a 
green roof for the three-story campus center.  The investigation of these alternatives allowed the 
group to compare the basic design of the three-story campus center to other potential designs.  
3.4.1 Six-Story Campus Center with Residential Accommodations 
 An alternative to the design of the three-story campus center was the addition of three 
residential stories of dormitories on the existing campus center structure.  The structural design 
of the six-story campus center and residential building followed the same procedure that was 
used for the design of the three-story campus center.  The group decided to keep the architectural 
layout the same for the three residential stories.  The layout of these residential stories consisted 
mainly of dormitories and common room and recreational spaces.  The finalized architectural 
layout for each floor was drawn using REVIT.  Once the architectural layout was finalized, the 
corresponding live loads for the various room functionalities were determined using ASCE 7-05.  
 The design of beams, girders, columns, connections, footings, and base plates for the six-
story building incorporated the use of the same design spreadsheets that were used with the 
three-story campus center.  Similar beam and girder groupings were established based on 
locations and room functionality (as was done with the three-story campus center design).  Due 
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to similar loading conditions between the groupings of the basic three-story structure and six-
story structure, it was not necessary to design for any new sizes for beams or girders. The sizes 
of the beams and girders that were designed for the six-story structure were taken from the 
spreadsheet that had been run for the basic three-story structure.  The columns for the six-story 
structure were designed in two major groups and then subgroups based on similar loadings and 
locations.  The two major groups consisted of the bottom three stories and the top three stories.  
Within these groups, vertically aligned columns had the same column design.  The designs of the 
connections for the six-story structure were based upon those connections for the three-story 
building because there were such similar loading conditions. 
Upon completion of the beam, girder, and column design for the 6 story campus center, a 
lateral frame analysis was conducted using STAAD to determine the adequacy of the original 
member sizes.  The STAAD computer software requires the input of all gravity and lateral loads, 
as well as original member sizes.  The program then uses deflection, moment, shear, and axial 
buckling checks to design the new member sizes for the girders and columns involved in the 
lateral force resisting system.    The wind and earthquake loads were determined in the same 
manner as those for the three-story building, and were then just applied to a larger area contact.  
In addition to all of the loading and the initial member sizes, STAAD also required some further 
information to complete the design to the engineer’s specific needs.  The load combinations, the 
applicable code, and the lateral bracing of each member had to be input for the program to run. 
 Once initial members and forces are input into the STAAD software, the design of the 
members required very little time.  This large difference in time to design with STAAD versus 
the method used for the three story LFRS design allowed the group to examine the cost impact of 
using four frames in the lateral force resisting system versus two frames.  Each of the frames for 
a system in a given direction were designed to be the same so as to avoid twisting of the building 
when lateral forces are applied.  All of the columns and girders were designed by the program for 
each of the four possible systems, east-west two frames, east-west four frames, north-south two 
frames, and north-south four frames.  In addition, because lateral forces can occur in either 
direction, the girders and columns for each individual frames were chosen to be symmetrical 
based upon the heavier of the two members. 
 STAAD output a document that included the inputs, the intermediate checks, and the 
final member sizes, and it was this document that was used to record the new sizes.  A typical 
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example of one of these output files can be seen in Appendix R.  The determination of whether 
to use two frames versus four for each of the two directions was based upon the costs for each of 
the system alternatives.  The final cost analysis was completed after the STAAD analysis and is 
located in the corresponding results section of the report along with all of the final member sizes. 
3.4.2 Braced Frame Design 
 To examine another structural alternative to the LRFS design, a braced frame was 
designed to observe the structural effects on the building.  The first stage of the braced frame 
design begins with determining the number of frames involved.  Once this is completed the 
location and placement of the frames can be determined.  When considering the placement of the 
frames it is important to consider the architectural design and where the braced frames will cross 
in the building.  If they are placed within walls they are easy to conceal, but outside the walls 
they may interfere with the building layout.  To determine the forces associated with each frame 
a RISA modal was created.  The RISA model along with all the appropriate wind, earthquake, 
live and dead loads output the forces exerted on each cross sectional member and forces per 
frame.  Figure 12 denotes the naming system created to organize the results for each member in 
the braced frame. 
 
Figure 12: Naming Convention for Braced Frame 
From the different scenarios of loading on the frame the axial forces were taken from 
RISA and input into an Excel spreadsheet.  The members were designed to be symmetrical and 
were based upon the compression capacity, even though the tensile capacity needed to be 
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checked.  Tensile capacity of brace members was checked in order to ensure that there was 
sufficient capacity for load reversals.  A final deflection check was conducted to ensure the 
adequacy of the designed members. 
3.4.3 Green Roof Addition  
 Another design alternative that was investigated was a green roof and the structural 
impacts that it can have on a building.  The loadings associated with two major green roof types 
and resulting beam designs and layouts were investigated.  The green roof loading scenarios that 
were investigated were for a light and heavy extensive green roof and a light and heavy intensive 
green roof.  Functions for these two types of green roof designs are discussed in Chapter 2: 
Background in Figure 1.  The design process incorporated the use of the same beam design 
spreadsheets that were used for the initial beam design (refer to Appendix F).  
 The initial step in the analysis involved determining the loads for two types of green roof 
alternatives.  For each green roof alternative, extensive and intensive, light and heavy loading 
scenarios provided in Figure 1 were investigated.  The loadings were converted to pounds per 
square foot units and added to the dead load of the concrete slab and metal decking within the 
beam design spreadsheet.   
 Structural analysis was accomplished using the initial beam design spreadsheets.  Two 
scenarios were investigated for each loading case.  One scenario involved holding the beam 
spacing constant and adjusting the beam size based on the additional loading from the green roof.  
The second scenario involved holding the beam size constant and adjusting the beam size to 
accommodate for the increase in loading.  From these adjusted beam designs and beam spacing, 
comparisons could be made between the green roof alternatives and the initial design of the 
standard roof.  The results and discussion of this analysis are presented in Chapter 7: Structural 
Alternatives.
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4.0 Structural Design of Steel Three-Story Campus Center 
Structural design of this campus center required the initial determination of the building’s 
uses and layout, and the investigation of several categories of structural members.  The design of 
the structural steel encompassed many areas including beams, girders, columns and connections.  
An investigation of the effects of lateral loads on the sizes of girders and columns was also done, 
as well as the sizing of column baseplates and foundations. 
The structural design was completed in a linear manner.  It followed the path of the 
loading from where the loads came in contact with the decking, until they worked their way out 
of the building at the foundations.  From the decking the loads traveled through the beams then 
girders, then columns, which were in turn connected to the foundations through the column 
baseplates.  Apart from all of the afore mentioned parts, the typical framing connections between 
the beams and girders and the girders and columns were also designed. 
4.1 Building Layout and Loading 
Using the Wheelock College Campus Center as a general guide, an architectural layout 
was created for the proposed campus center using Autodesk REVIT.   Columns, girders, and 
walls were input into this program to create the basic skeleton of the structure.  The first step in 
the determination of the room layouts was identifying the types of rooms needed to meet the 
building’s functional requirements.  Upon completion, rooms were given appropriate floor area 
based upon typical room sizes found using various online references and were fit together in 
order to create the final layouts.  These layouts went through many phases, with each one 
becoming larger, and less geometrically complicated.  It was determined that the floors should be 
based upon a grid that was ten feet by ten feet, with each bay of the building measuring 30 feet 
by 30 feet.  The final architectural layouts can be seen below in Figures 13, 14, 15, and 16. 
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Figure 13: Floor One Architectural Layout 
 
Figure 14: Floor Two Architectural Layout 
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Figure 15: Floor Three Architectural Layout 
 
 
Figure 16: Roof Architectural Layout 
 
 
Following the design of the layouts for the three stories, ASCE 7-05 was used to determine the 
gravity live loads to which the building would be subjected.  These loads were direct functions of 
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room uses and their definition of such uses according to ASCE 7-05.  The loadings floor one, 
floor two, floor three, and the roof are subjected to are shown in Figures 17, 18, 19, and 20. 
 
Figure 17: Floor One Gravity Loading 
 
Figure 18: Floor Two Gravity Loading 
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Figure 19: Floor Three Gravity Loading 
 
 
Figure 20: Roof Gravity Loading 
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4.2 Beam Design 
Based upon the room loadings determined using the provisions of ASCE 7-05, beam 
designs were completed using an Excel spreadsheet.  The spreadsheet was organized using nine 
different loading scenarios which are organized in Table 8.  Each of these beam sizes, once 
designed, would be structurally adequate for a beam of the same length and less loading, a beam 
of the same loading that was shorter, or a shorter beam that was subjected to less loading. 
Beams were designed using partial composite construction with steel decking and 6.25 in. 
deep concrete slabs, as explained in Chapter 3: Methodology.  The beam sizes themselves were 
designed using a series of checks that were carried out with a spreadsheet that handled all of the 
calculations.  The beam information and the loading conditions were input to the spreadsheet 
manually.  Then the sheet aided in checking deflection, shear, and moment for both in-
construction conditions as well as in-service conditions.  Lateral torsional buckling, flange local 
buckling, and web local buckling were also checked for adequacy.  If at any time during the 
design process it was found that a beam was not adequate, the process was stopped, a new beam 
and its properties were input into the spreadsheet and all of the checks were run again.  This 
procedure was repeated until a size was found that was adequate for all strength and deflection 
criteria.  The final step in the beam design process was the design of the studs to carry the shear 
between the steel beams and the concrete slab. 
The results from the spreadsheet are shown in Table 8.  The spreadsheet that was used for 
design, along with a detailed explanation of each step that was carried out can be seen in 
Appendix F. 
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Table 8: Beam Design Spreadsheet Results for Partial Composite Action 
Span 
(ft) 
LL 
(psf) Beam 
# of 
Studs 
Stud Spacing 
(in) Governing factor 
30 100 W14X30 14 25.71 Moment in service 
30 50 W14X30 14 25.71 Deflection in construction 
20 100 W12X19 10 24.00 Shear/moment in service 
30 250 W21X44 32 11.25 Moment in service 
30 80 W14X30 14 25.71 Moment in service 
30 125 W18X35 16 22.5 Moment in service 
30 105 W14X30 14 25.71 Moment in service 
30 roof W14X22 10 36 Deflection in construction 
20 roof W12X16 8 30 Deflection in construction 
 
The results were applied to each partial composite beam using the method explained above. A 
given design was adequate for the stated length and load, or a less critical case.  The beam 
designs for each location for the second floor, third floor, and roof are shown below in Figures 
21, 22, and 23. 
 
Figure 21: Floor Two Beam Design 
48 
 
 
 
Figure 22: Floor Three Beam Design 
 
 
 
Figure 23: Roof Beam Design 
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4.3 Girder Design 
To help determine which girders would be used throughout the three stories, they were 
organized into groupings.  Each different grouping represents a different loading type.  The 
loading types were determined by the beams that connected to the girders, the tributary areas 
defined by the spacing between interior or exterior girders, the loading, and length of the girder.  
The girder conditions and groupings can be seen below in Table 9 and in Figures 24, 25, and 26.  
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Table 9: Girder Design Groupings 
 
 
 
 
Figure 24: Floor Two Girder Groupings 
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Figure 25: Floor Three Girder Groupings 
 
 
Figure 26: Roof Girder Groupings 
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From the loading types and different scenarios, a girder size and number of studs were 
determined from spreadsheet calculations.  As with the beam design, girders were checked for 
member forces and deflection for in-service and in-construction loading conditions.  The results 
can be seen above in Table 9.  The location of each type of girder can be seen below in Figures 
27, 28, and 29. 
 
Figure 27: Floor Two Girder Designs 
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Figure 28: Floor Three Girder Design 
 
Figure 29: Roof Girder Design 
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4.4 Column Design 
The initial design for the campus center calls for three stories, and as such only one 
column size was designed for each location.  The column size for each location was determined 
from the loading and geometry conditions for the first floor and then applied to the second and 
third stories.  Although this method of design resulted in the overdesign of some of the members, 
it facilitated the design process and would allow for more efficient construction. 
Initial column design was completed based solely upon axial loads.  The lateral forces the 
building was subjected to were taken into account later on in the process, at which point some of 
the member sizes were increased.  Determination of the axial forces was based upon the girders, 
beams, and live load that were within the column tributary areas.  The areas of coverage for each 
column are shown in Figure 30 below. 
 
Figure 30: Column Areas of Coverage 
Similar to the girders, it would have been impractical to design a different size for each 
column location.  Instead, the columns were placed into several groups that were under similar 
axial loading. The loading for each group was the axial load for the column that was subjected to 
the most DL and LL.  Based upon this load, a size was designed and applied to each of the 
columns in the group.  The load (Pu) that each column was under was determined in an Excel 
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spreadsheet using 1.2DL + 1.6LL.  These axial loads are shown in Figure 31 and the column 
design spreadsheet can be seen in Appendix H. 
 
Figure 31: Column Axial Loadings 
Based upon the axial load, seven column groupings were determined (note, each floor is 
12 feet in height).  The theory behind the grouping was to find six to seven groups that would 
allow for the advantages of grouping, without resulting in too much overdesign.  The determined 
groupings are outlined below: 
Group One: Red, height=2 floors, loading=less than 410kips, governing member=M4 
Group Two: Green, height=1 floor, loading=less than 68kips, governing member=B2 
Group Three: Pink, height=1 floor, loading=less than 187kips, governing member=Y16 
Group Four: Purple, height=1 floor, loading=less than 291 kips, governing member=G4 
Group Five: Maroon, height=1 floor, loading=less than 387 kips, governing member=M16 
Group Six: Yellow, height=1 floor, loading=less than 568 kips, governing member=V7 
Group Seven: Orange, height=1 floor, loading=less than 646 kips, governing member=J13 
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The axial loads on each of the girders were determined in the loadings sheet in the 
column design spreadsheet, located in Appendix H.  Each of the loads were based upon beams, 
girders, dead loads, and live loads that were supported within a given columns’ tributary areas.  
The loads and the girder groupings are shown in Figure 32 below. 
 
Figure 32: Column Groupings 
These groupings and loads were used in the column design spreadsheet to determine the 
necessary member sizes.  The design process and an example of the column spreadsheet are 
located in Appendix H.  Preliminary column sizes that were calculated were only starting points.  
The sizes for some of the columns were increased when the lateral load analysis was completed.  
Preliminary column sizes are shown below (see Figure 32 for color coordination). 
Group One: Red: W12X65 
Group Two: Green: W8X21 
Group Three: Pink: W8X28 
Group Four: Purple: W8X35 
Group Five: Maroon: W8X48 
Group Six: Yellow: W8X67 
Group Seven: Orange: W10X68 
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After the sizes were determined the column weights were added into the spreadsheet to 
update the axial loadings but did not affect Pu enough to require a change in the member size.  
The new loads placed on the columns were essentially the same as those in the diagram above.  
The column member sizes are shown in Figure 33 below. 
 
Figure 33: Initial Column Design 
4.5 Connection Design 
Using the procedure outlined in Chapter 3: Methodology, several single angle and double 
angle connections were designed with the aid of a spreadsheet.  A compilation of the connection 
design results are presented in Table 10 below.  Note that welding was not required for the beam 
to girder connections. 
Table 10: Typical Connection Designs 
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The typical connection designs are presented in Figures 34 and 35.  Figure 34 shows a 
typical beam to girder single-angle connection.  Figure 35 shows a typical girder to column 
double-angle connection. 
 
Figure 34: Typical Beam to Girder Single-Angle Connection 
 
 
Figure 35: Typical Girder to Column Double-Angle Connection 
 
4.6 Design of Lateral Force Resisting System 
The group determined that the most feasible location for the lateral force resisting frames 
was in the middle of the building in order to effectively limit torsion.  Two frames in each 
direction near the center of the building were chosen to carry the horizontal loads.  Figure 36 
shows the frames in the North-South and East-West directions. 
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Figure 36: Lateral Frame Locations 
 
Initial member sizes from the beam, girder, and column design from the gravity loads 
were input into RISA.  Figures 37, 38, and 39 show the initial member sizes for each frame.  
 
 
Figure 37: East-West Frame Initial Member Sizes 
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Figure 38: Western North-South Frame Initial Member Sizes 
 
 
Figure 39: Eastern North-South Frame Initial Member Sizes 
 
Note that columns in the lateral frame analysis were oriented so that when under bending, 
the larger of the two moment of inertias (Ix, IY) was utilized.  However, because the frames 
intersect, the columns at the intersections for the EW frames were forced to use the Iy values 
which decreased their strength in the frame.  There are four intersection points between the two 
North-South frames and the two East-West frames.  At these points of intersection there were 
two different column sizes designed, one for the N-S frame, and one for the E-W frame.  The 
larger of these two sizes was chosen to ensure adequacy. 
The forces that each frame was subjected to were induced by earthquake, wind, live, and 
dead loads.  These loads were combined using several load combinations after a RISA model 
was used for structural analysis to determine the moments and shears in the members.  The 
uncombined loads acting on each of the four frames are shown below in Figures 40 through 52.  
These are based upon the loading criteria and thus are independent of the member sizes.  Loads 
for wind and earthquake are in kips.       
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Wind loads 
 
Figure 40: Wind Load: Western North-South Frame 
 
 
Figure 41: Wind Load: Eastern North-South Frame 
 
 
 
Figure 42: Wind Load: Both East-West Frames 
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Earthquake Loads 
 
Figure 43: Earthquake Load: Western North-South Frame 
 
 
 
Figure 44: Earthquake Load: Eastern North-South Frame 
 
 
 
Figure 45: Earthquake Load: Both East-West Frames 
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Dead Loads 
 
Figure 46: Dead Load: Western North-South Frame 
 
 
 
Figure 47: Dead Load: Eastern North-South Frame 
 
 
 
Figure 48: Dead Load: Both East-West Frames 
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Live Loads 
 
Figure 49: Live Load: Western North-South Frame 
 
 
 
Figure 50: Live Load: Eastern North-South Frame 
 
 
 
Figure 51: Live Load: Northern East-West Frame 
65 
 
 
 
Figure 52: Live Load: Southern East-West Frame 
 
Based on the procedure outlined in Chapter 3 Methodology, all girders and columns that 
comprised the lateral frames were analyzed for adequacy and, if necessary, redesigned using the 
Excel spreadsheet.  All of the girders for the North-South frame required an increase in size to 
account for application of lateral forces.  However, the girders in the East-West frame were 
determined to be adequate and required no redesign.  The final girder sizes for the LFRS frames 
are summarized in Table 11. 
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Table 11: Lateral Frame Analysis – Girder Design 
 
Lateral forces induce moments as well axial forces in columns that are part of LFRS.  
Because of this compounding effect it was necessary to increase the size of all the columns that 
comprised the lateral frames.  Table 12 below summarizes the redesigned column sizes. 
Table 12: Lateral Frame Analysis – Column Design 
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After the effect of lateral forces was taken into account with the redesign of a select group of 
columns and girders, all of the beam, girder, and column sizes were finalized.  A complete set of 
structural drawings can be seen in Chapter 8 Conclusions. 
The LFRS procedure concluded with a deflection adequacy check.  To complete the 
deflection check, the wind and earthquake loads were applied to the frame.  Using RISA the total 
deflection at each joint was calculated.  As seen in the figure below, the maximum deflections in 
the East-West and North-South direction were approximately 1.5 inches and 1.7 inches, 
respectively, and these values were obtained for wind and seismic loads.  This magnitude of 
deflection is less than H/240, which is relatively small and is allowable.  If the deflection was 
higher, then building members would have had to be redesigned to withstand the deflection from 
the loading.  Figures 53 and 54 show the deflection for the East-West frame and the North-South 
frame, respectively.  The pink lines shows the deflection, which is exaggerated so all deflection 
is visible. 
 
Figure 53: Lateral Frame: East-West Deflection Check 
 
 
Figure 54: Lateral Frame: North-South Deflection Check 
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4.7 Footing and Column Base Plate Designs 
 As discussed in Chapter 3: Methodology, footings and base plates were designed 
according to the column groupings (refer to Figure 32 in Section 4.4 of this report).  Column 
base plate designs depended upon whether or not the base plates supported columns of the LFRS 
and were required to be moment resistant.  The necessary reactions for the design of the column 
base plates for the three-story structure were obtained from RISA.  Table 13 shows the footing 
and base plate designs of the strictly gravity bearing columns of the building.   
Table 13: Three-Story Gravity Column Footing and Base Plate Designs 
Column Group Pu (k) Supported Column Footing Area (sf) Baseplate Size: 
One 410 W12X65 121 1-1/4" x 13" x 1' 1" A36 
Two 68 W8X21 25 1/2" x 7" x 7" A36 
Three 187 W8X28 49 1" x 8" x 8" A36 
Four 291 W8X35 81 1" x 10" x 10" A36 
Five 387 W8X48 100 1-1/4" x 12" x 1' A36 
Six 568 W8X67 144 1-3/4" x 14" x 1' 2" A36 
Seven 646 W10X68 169 1-1/2" x 15" x 1' 3" A36 
 
Table 14 shows the footing and moment resisting base plate designs for the columns of 
the LFRS.  The welding requirements refer to the shop welds that will attach the base plates to 
the columns.  Shop welding will be used in order to limit the costs associated with field welding.  
Base plates will be field bolted to the footings.  Note that for the parts of the North-South LFRS 
and East-West LFRS that intersected the larger dimension for the designed footing and base plate 
was used.  A final check was also conducted to make sure that the lateral results were not smaller 
than those obtained from the gravity analysis.   
Table 14: Three-Story LFRS Column Footing and Base Plate Designs 
Pu (k) Mu (k-ft) 
Supported 
Column 
Footing 
Area (sf) 
Baseplate Size: Weld Size: 
329.608 433.302 W12X136 100 2-1/2" x 12" x 1' 10" A36 
13/16" fillet weld, E70 
electrode, SMAW 
522.328 106.335 W12X72 144 2" x 20" x 1' 8" A36 N/A 
543.316 140.873 W12X72 144 2-1/4" x 18" x 1' 8" A36 N/A 
468.548 545.5 W12X136 121 2-1/2" x 16" x 1' 10" A36 
1" fillet weld, E70 
electrode, SMAW 
683.244 307.419 W12X87 196 3-1/4" x 24" x 2' A36 N/A 
635.328 138.288 W12X72 169 2-3/4" x 18" x 1' 10" A36 N/A 
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Figure 55 shows a typical plan view (top image) and section view (bottom image) of a footing 
and column base plate connection.  Final plan drawings of the layout of the footings and base 
plates for the entire building are presented in Chapter 8: Conclusions.  
 
Figure 55: Typical Footing and Column Base Plate Connection
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5.0 Fire Protection Requirements and Code Analysis 
Fire can have a devastating effect on buildings and its occupants.  The purpose of the fire 
protection codes is to protect against loss of life and limit loss of property through enforcing 
minimum standards for building construction.  The Authority Having Jurisdiction (AHJ) 
enforces a set of standards and codes which apply to the building.  The AHJ typically uses highly 
respected and acknowledged codes such as the NFPA and IBC.  The campus center will adopt 
the IBC as the enforced code and standards, but the report will reflect some of the differences 
between the IBC, NFPA, and Massachusetts State Building Code.  The code analysis was divided 
into three different sections: general requirements, passive fire protection systems, and active fire 
protection systems.  The general requirements covered occupancy classifications, building area 
and height, building construction type, occupant loading, and means of egress.  In some 
situations, the original design and layout of the building had to be changed in order to ensure the 
building was in compliance with the governing code provisions for this MQP.  The passive fire 
protection systems involved interior wall and ceiling finishes, interior floor finishes, and fire 
barriers.  These systems are built to prevent the growth and spread of a fire.  The active fire 
protection systems consist of the sprinkler system, smoke detectors, and fire extinguishers.  
These systems are designed to contain the fire and extinguish the fire in some circumstances.    
5.1 General Requirements 
 The general requirements addressed in this project include: occupancy classification, 
building construction type, building area and height limitations, occupant loading, and means of 
egress. 
5.1.1 Occupancy Classification 
The campus center contains several different functional spaces that are categorized under 
different occupancies.  Since each floor contains more than one occupancy group, the building is 
considered a mixed-use occupancy.  The occupancy classification is crucial in determining the 
means of egress, occupant loading, and other building specifications.  In most cases, the 
occupancy classification with the most restrictive code criteria becomes the priority due to its 
effects on the building.  The occupant loads for the occupancies throughout the building are 
shown in Tables 15, 16, and 17.  The tables compare the differences between the NFPA and IBC 
in terms of classifying the occupancy classifications and occupant loads.   
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Table 15: Floor One Occupancy Classifications and Occupancy Loads 
Occupancy 
ID 
Occupancy 
Use 
NFPA 
5000 
Occupancy 
Classification 
Occupant 
Load 
IBC Occupancy 
Classification 
Occupant 
Load 
A Elevator 
Service 
Room 
Section 
6.2.1.5 
Accessory, 
Assembly 
Occupancy 
1 IBC 
TABLE 
1004.1.1 
Group S-1 1 
B Bathroom   12   12 
C Information 
Area 
Table 
11.3.1.2 
Assembly 
Occupancy 
40 IBC 
TABLE 
1004.1.1 
Group B 86 
 
D Computer 
Area 
Table 
11.3.1.2 
Assembly 
Occupancy 
*50 IBC 
TABLE 
1004.1.1 
Group A 80 
 
E Book Store Table 
11.3.1.2 
Mercantile 
Occupancy 
170 
 
IBC 
TABLE 
1004.1.1 
Group M 170 
F Book 
Storage 
Table 
11.3.1.2 
Mercantile 
Occupancy 
3 IBC 
TABLE 
1004.1.1 
Group S-1 3 
G Kitchen 
Storage 
Table 
11.3.1.2 
Assembly 
Occupancy 
15 IBC 
TABLE 
1004.1.1 
Group S-1 2 
H Kitchen  Table 
11.3.1.2 
Assembly 
Occupancy 
15 IBC 
TABLE 
1004.1.1 
Group B 7 
I Food Court 
Area 
Table 
11.3.1.2 
Assembly 
Occupancy 
927 IBC 
TABLE 
1004.1.1 
Group A 927 
J Hallway Table 
11.3.1.2 
Assembly 
Occupancy  
1020 IBC 
TABLE 
1004.1.1 
Group A 1020 
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Table 16: Floor Two Occupancy Classifications and Occupancy Loads 
Occupancy 
ID 
Occupancy 
Use 
NFPA 
5000 
Occupancy 
Classification 
Occupant 
Load 
IBC Occupancy 
Classification 
Occupant 
Load 
A Elevator 
Service 
Room 
Section 
6.2.1.5 
Accessory, 
Assembly 
Occupancy 
1 IBC 
TABLE 
1004.1.1 
Group S-1 1 
B Bathroom   12   12 
C Cafe Table 
11.3.1.2 
Assembly 
Occupancy 
9 IBC 
TABLE 
1004.1.1 
Group B 3 
 
D Computer 
Area 
Table 
11.3.1.2 
Assembly 
Occupancy 
213 IBC 
TABLE 
1004.1.1 
Group A-2 213 
 
E Offices Table 
11.3.1.2 
Business 
Occupancy 
9, 9, 8 
 
IBC 
TABLE 
1004.1.1 
Group B 9,9,8 
F Mail Room Table 
11.3.1.2 
Assembly 
Occupancy 
21 IBC 
TABLE 
1004.1.1 
Group A or B 21 
G Multimedia 
Hall 
Table 
11.3.1.2 
Assembly 
Occupancy 
220 IBC 
TABLE 
1004.1.1 
Group A-1 220 
H Lounge 
Area  
Table 
11.3.1.2 
Assembly 
Occupancy 
120 IBC 
TABLE 
1004.1.1 
Group A-2 120 
I Game Area Table 
11.3.1.2 
Assembly 
Occupancy 
360 IBC 
TABLE 
1004.1.1 
Group A-1 360 
J Hallway Table 
11.3.1.2 
Assembly 
Occupancy  
1440 IBC 
TABLE 
1004.1.1 
Group A 1440 
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Table 17: Floor Three Occupancy Classifications and Occupancy Loads 
Occupancy 
ID 
Occupancy 
Use 
NFPA 
5000 
Occupancy 
Classification 
Occupant 
Load 
IBC Occupancy 
Classification 
Occupant 
Load 
A Elevator 
Service 
Room 
Section 
6.2.1.5 
Accessory, 
Assembly 
Occupancy 
1 IBC 
TABLE 
1004.1.1 
Group S-1 1 
B Bathroom   12   12 
C Odeum Table 
11.3.1.2 
Assembly 
Occupancy 
694 IBC 
TABLE 
1004.1.1 
Group A-3 694 
 
D Meeting 
Rooms 
Table 
11.3.1.2 
Assembly 
Occupancy 
50 IBC 
TABLE 
1004.1.1 
Group A-3 100 
 
 
E Offices Table 
11.3.1.2 
Business 
Occupancy 
4, 6, 6, 6, 
6, 9, 9, 14 
 
IBC 
TABLE 
1004.1.1 
Group B 4, 6, 6, 6, 
6, 9, 9, 14 
 
F Conference 
Room 
Table 
11.3.1.2 
Assembly 
Occupancy 
113 IBC 
TABLE 
1004.1.1 
Group A-3 113 
G Multimedia 
Hall 
Table 
11.3.1.2 
Assembly 
Occupancy 
220 IBC 
TABLE 
1004.1.1 
Group A-1 220 
H Hallway Table 
11.3.1.2 
Assembly 
Occupancy  
1460 IBC 
TABLE 
1004.1.1 
Group A 1460 
 
5.1.2 Building Construction Type 
The building construction type is classified as Type IIB construction.  This construction 
type does not require the structural members to have a fire-resistance rating, therefore no fire 
resistive materials need to be applied to the structural members.  
5.1.3 Building Area and Height Limitation 
The campus center is built with Type IIB construction, which is the most common 
construction type for commercial buildings.  As a result, the building elements are not required 
to have fire resistance ratings but still must be non-combustible.  According to IBC, the most 
restrictive occupancy would be the Assembly Group 1.  The A-1 occupancy limits the building to 
two stories and each story with a floor area of 8,500 ft
2
.  However, since the campus center will 
be equipped throughout with a sprinkler system, an additional story can be added to make the 
building a total of three stories.  The three-story campus center design will be code compliant but 
it would not be permissible to add an additional three stories with the current construction.  
However, should spray fireproofing be applied to all structural members, the code would allow 
for an additional three stories of residential living space. 
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If the campus center is built with Type IIA construction then an A-1 occupancy is limited 
to three stories, and each story can have a floor area of 15,500 ft
2
.  The addition of a full 
sprinkler system to a building with Type IIA construction would allow the building to be four 
stories above grade plane.  The only type of construction that would allow for an A-1 occupancy 
to have 6 stories would be Type IA or IB construction.  Figure 56 shows the progression of 
passive fire protection design that was used for this project. 
 
Figure 56: Progression of Fire Protection System Design 
Source: Puchovsky, Milosh. (2010). WPI Professor. Lecture notes from FP 553 and FP 570. 
 
5.1.4 Occupant Loading 
The occupant loads are used mostly for determining means of egress.  By determining the 
occupancy classifications, the occupant load is calculated by dividing the square foot floor area 
by the occupant per unit of area factor assigned to the occupancy as set forth in IBC Table 
1004.1.1.  This is an example of and occupant load calculation: 
Occupant Load = 13900ft
2
 / 15 net = 926.67 people = 927 people 
The occupant loads for each occupancy are shown in the tables in Section 5.1.1 entitled 
Occupancy Classification.  While calculating the occupant loads, it was assumed that the 
hallways also contained people.  By loading the hallways, the means of egress would be more 
restrictive because of the increase of people.  The maximum capacity allowed by the IBC was 
7,149 people (first floor: 2,320; second floor: 2,428; third floor 2,451).  The 7,149 people are the 
maximum amount of people the structure would be able to contain and allow to egress safely. 
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5.1.5 Means of Egress 
A building’s means of egress is an exit path that occupants can use to exit safely.  It is 
designed to provide safe and easy travel during a fire or other emergency so that the risk of 
injury or death is minimized.  Typically, buildings have multiple means of egress, and the 
required number of paths depends on various aspects of the building.  
Exit Capacity 
The calculation of the minimum required exit width, based upon the number of occupants 
served by the egress system, in past years varied based upon whether or not the building was 
protected by an automatic sprinkler system.  Currently, the IBC does not take into account the 
presence of a sprinkler when determining the egress width.   
In September 2008, seven years after the collapse of the World Trade Center, the 
International Code Council (ICC) approved twenty-three wide-ranging building and fire code 
changes that impacted the way tall structures are planned, designed, and built. The code changes 
reflected the recommendations from the National Institute of Standards investigation of the 
collapses of New York City’s World Trade Center towers on September 11, 2001, which resulted 
in the deaths of about 3,000 people (Nadel, 2009).  The changes were seen in the 2009 IBC in 
many areas relating to design, construction, and emergency egress.  The 2006 IBC Table 1005.1 
was deleted and the text in Section 1005.1 currently reflects that all occupancies be regulated for 
calculated width in the same manner, regardless of the presence of an automatic sprinkler system 
(BCIC, 2009).  The Massachusetts Building Code still allows the minimum width to be smaller if 
an automatic sprinkler system is in the building.  
According to the IBC, the total width of the means of egress shall not be less than the 
total occupant load served by the means of egress multiplied by 0.3 inch per occupant for 
stairways and by 0.2 inch per occupant for other egress components.   However, the 
Massachusetts Building Code allows a stairway width 0.2 times the occupant load if the building 
is sprinklered.  In this scenario the Authority Having Jurisdiction (AHJ) would have the final say 
on which code would be enforced.  For this campus center, it is assumed the AHJ is going to 
enforce the Massachusetts Building Code.  The total occupant loads for the second and third 
floors allow for a stairway width of 20 ft for each of the five stairways. 
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Exit Access  
The IBC does not want occupants passing through adjoining or intervening rooms or 
areas during egress.  The only area of concern in the campus center would be the third floor 
where people might pass through the Odeum from the hallway to reach the exit stairway in the 
far left corner. The exit access for floor three of the campus center is shown in Figure 57.  The 
Odeum is not an area identified under “protection from hazards”, which means it is not a room 
that is considered hazardous.  The Odeum and hallway are both assembly occupancies and 
protected under the same code.  Because the Odeum is not considered hazardous and has the 
same occupancy as the hallway, it is acceptable to have egress from the hallway through the 
Odeum.  
 
Figure 57: Floor Three Exit Access 
Exit and Exit Access Doorways  
According to IBC, two exits or exit access doorways from any space are required for 
assembly, business, and mercantile areas unless the maximum occupant load is equal to or less 
than 49.   The original layout requires four more doorways to be added to the third floor.  The 
first and second floors have sixteen and fourteen exit access doorways, respectively, which met 
the code requirements.  The twenty-two exit access doorways along with the four additional exit 
access doorways for the third floor are shown in Figure 58. 
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Figure 58: Floor Three Exit Access Doorways 
Exit Travel Distance  
For a sprinklered building the maximum exit travel distance is 250 feet.  On every floor 
of the campus center, the exit access travel distance is less than 200 feet and thus meets the 
requirements of the IBC. 
Corridors 
The initial design contained a dead end corridor on the third floor, but the corner office 
was cut to add a stairway.  A dead end corridor for a building equipped with an automatic 
sprinkler system shall not exceed 50ft and the dead end corridor in this building was 80 ft.  The 
dead end corridor found with the preliminary design is shown in Figure 59.  The introduction of 
a corner stairway removed the dead end corridor and brought the third floor into compliance with 
the code.  The IBC states that corridors shall be fire-resistant but with the sprinkler system in the 
building and the types of occupancies, there is no requirement for the walls to have a fire 
resistance rating.   
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Figure 59: Floor Three Dead End Corridor 
Number of Exits  
The minimum number of exits per story is dependent on the occupant load for that story.  
Table 18 is from the IBC and shows the various occupant load ranges and the minimum number 
of exits they require.   
Table 18: Minimum Number of Exits for Occupant Load 
OCCUPANT LOAD 
(persons per story) 
MINIMUM NUMBER OF 
EXITS 
(per story) 
1-500 2 
501-1,000 3 
More than 1,000 4 
 
Source: International Code Council. (2009).  International Building Code 2009. Table 1021.1. 
 
The occupant load on each floor is over 1,000 occupants. Therefore the minimum number 
of exits per story is four.  The original design contained only two exit stair ways and one main 
interior stairway.  The current design has four exit stairways and one main interior stairway to 
take into account the code requirements.  There are provisions in the code that allow elevators to 
be considered possible means of egress.  If the elevator were considered as a means of egress the 
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owner would be allowed to remove the exit stairway in the North-East corner.  The elevator 
would need to meet specific criteria and might be more costly than the enclosed stairway, but if 
the owner wants the additional space then they may need to explore the option of using the 
elevator as a means of egress. 
Exit Signs 
The exit signs are important in the life safety of the people in the building.  Since this 
building is a campus center and will have students and visitors entering the building it is 
important to ensure the exits are well-marked.  The path of egress travel to exits and within exits 
shall be marked by readily visible exit signs to clearly indicate the direction of egress travel in 
cases where the exit or the path of egress travel is not immediately visible to the occupants.   
Illumination of Means of Egress 
The means of egress illumination level shall not be less than 11 lux at all times.  This 
means that all the stairways, egress corridors, and doorways need to illuminated at all times.  By 
having the means of egress illuminated, it makes it easier for the occupants to exit the building.     
5.2 Passive Fire Protection Systems 
Passive fire protection requirements that were investigated for this project include: 
interior wall and ceiling finishes, interior floor finishes, and fire barriers. 
5.2.1 Interior Wall and Ceiling Finishes 
The performance of interior wall and ceiling finishes are categorized in three different classes: 
Class A: Flame spread index 0-25; smoke-developed index 0-450.  
Class B: Flame spread index 26-75; smoke-developed index 0-450.  
Class C: Flame spread index 76-200; smoke-developed index 0-450. 
Typically most woods are considered Class C finishes because wood has a higher flame spread 
index and burns easier than other interior materials such as gypsum or brick.  Some types of 
wood are categorized as Class B, such as western red cedar and west coast hemlock, but the 
majority of the wood species are classified as either Class A or Class C (BCIC, 2009).  IBC 
provisions for the permissible use of each class are based on the occupancy, location of the 
finishes, and whether or not the area is sprinklered.  Figures 60, 61, and 62 show the interior wall 
finishes for each level of the building.   
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Figure 60: Floor One Interior Wall Finishes 
 
 
Figure 61: Floor Two Interior Finishes 
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Figure 62: Floor Three Interior Finishes 
 
5.2.2 Interior Floor Finishes 
The interior floor finish and floor covering materials are categorized in two different classes 
based upon the amount of heat given off per unit area: 
 Class I: 0.45 watts/cm
2
 or greater 
Class II: 0.22 watts/cm
2
 or greater 
Class I materials are typical floor coverings such as wood, vinyl, and linoleum. Class II materials 
are primarily textile floor coverings, like carpeting.  Since the campus center is equipped 
throughout with an automatic sprinkler system, Class II materials are allowed in all areas.   
5.2.3 Fire Barriers 
The IBC specifies the rating and location of the fire barriers based on the occupancies 
involved and locations of exit passageways.  The IBC states in Table 803.9, the fire resistance 
rating requirements for fire barrier assemblies (horizontal assemblies) between fire areas. 
Therefore, all of the enclosed exit stairways are required to have a fire barrier rating of 2 hours.  
The corridor fire resistance rating is based on which occupancy it serves and would be 1 hour for 
all the occupancies in the campus center, but since the campus center is equipped with a 
sprinkler system there is no requirement.  The other need for fire barriers is to separate particular 
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occupancies.  The IBC states that Assembly occupancies need to be separated by a 1-hour fire 
barrier from Business, Mercantile, and Storage-1 occupancies. Figure 63 shows typical cross 
sections of 1-hour and 2-hour fire barriers.   
 
Figure 63: Fire Barrier Cross Sections: 1-Hour Rating (left), 2-Hour Rating (right) 
Source: WPI Professor Puchovsky, FP 570, 2009 Lecture notes 
 
All the fire barrier locations are shown in the Figures 64, 65, and 66. The blue doors 
indicate 90-minute fire doors and yellow doors indicate 45-minute fire doors.  The red walls 
indicate 2-hour fire barriers and green walls indicate 1-hour fire barriers.   
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Figure 64: Floor One Fire Barriers 
    
 
 
Figure 65: Floor Two Fire Barriers 
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Figure 66: Floor Three Fire Barriers 
Door openings in the fire barriers are required to have a certain fire rating.  IBC states that for 
fire barriers having a required fire-resistance rating of 2 hours the fire door needs to have a rating 
of 90 minutes and for fire barriers with a fire resistance rating of 1 hour the fire door needs to 
have a rating of 45 minutes.  
5.3 Active Fire Protection System Analysis and Design 
 The analysis and design of active fire protections systems involved an investigation of the 
requirements for alarm systems, standpipes, portable fire extinguishers, fire department 
connections, sprinkler systems, and hydraulic flow calculations for the three-story campus 
center. 
5.3.1 Alarm Systems 
Fire alarm boxes are wall-mounted and manually initiated in times of emergency.  When 
the fire alarm is pulled occupant notification appliances, which are also wall-mounted, begin to 
alert the occupants of the fire through either audio and/or visual notifications.  For Group A, 
Group B, and Group M occupancies, manual fire alarm boxes are not required in buildings that 
are equipped throughout with an automatic sprinkler system installed in accordance with IBC 
Section 903.3.1.1 and the occupant notification appliances are designed and installed to 
automatically activate throughout the notification zones upon sprinkler water flow.  The 
occupant notification appliances will be discussed in the sprinkler design section.   
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A minimum of one manual fire alarm box must be provided in an approved location to 
initiate a fire alarm signal for fire alarm systems employing automatic fire detectors or water 
flow detection devices.  The code official or the authority having jurisdiction determines the 
acceptable location for the manual fire alarm box.  The fire alarm box is usually located in a high 
traffic area near a means of egress.  In the campus center, the interior stairway in the middle of 
the building was assumed to be the busiest area of the building; therefore the fire alarm box was 
placed near that stairway.  The IBC allows for the elimination of additional fire alarm boxes due 
to the sprinkler system, so no further boxes were installed (IBC 907.2).   
The manual fire alarm boxes need to be red in color and located not more than 5 feet 
from each exit.  The height of the manual fire alarm boxes needs to be a minimum of 42 inches 
and a maximum of 48 inches measured vertically, from the floor level to the activating handle or 
lever of the box.  The fire code official is authorized to require the installation of listed manual 
fire alarm box protective covers to prevent malicious false alarms or to provide the manual fire 
alarm box with protection from physical damage (IBC 907.4).  
5.3.2 Standpipes 
The campus center is allowed to have Class I standpipes according to the IBC.  Class I 
standpipes are commonly located in stairwells with fire-rated enclosures.  The stairwells are 
where firefighters enter each floor of a building, and therefore placing the standpipes in the 
stairways allows for more convenient connection to the water supply.  Stairwells also offer a 
protective environment because of the code-prescribed passive fire protection features such as 
fire barriers and fire doors.  The added protection allows the firefighters greater safety when 
connecting to the standpipe system.  Figure 67 shows a diagram of a typical standpipe. A 2-1/2” 
hose connection is usually provided.  
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Figure 67: Typical Standpipe 
 
Source: City of Sacramento Fire Department. (2010). Type L License Information. Retrieved 
February 16, 2011, from http://www.sacfire.org/indexSub.cfm?page=388960. 
 
5.3.3 Portable Fire Extinguishers 
Portable fire extinguishers do not need to be installed in Group A or B occupancies if the 
building is equipped throughout with automatic sprinklers.  Therefore, only the Group M and S 
occupancies require portable fire extinguishers.  Each of these four groups encompass some 
portion of the three-story campus center and fire extinguishers will be installed accordingly. 
On the first floor, a Type-K fire extinguisher is needed due to the commercial cooking 
equipment.  Type-K fire extinguishers use a wet chemical which extinguishes the fire by forming 
a foam blanket over the burning oil which restricts the oxygen flow to the combustibles.  The 
Type-K fire extinguishers are the ideal choice to use on all kitchen appliances because of the 
chance of cooking oil being in the area.  The kitchen storage, book storage, and elevator service 
room all require a portable fire extinguisher.  The only other area that requires a fire extinguisher 
would be the bookstore.  The IBC requires that all new and existing mercantile areas include a 
portable fire extinguisher regardless of a sprinkler system.  On the second floor, the elevator 
service room and the café are the only two areas that require a portable fire extinguisher.  
Depending on the type of products and equipment the café will be using, the café might need a 
Type-K extinguisher.  On the third floor, the only area that requires a portable fire extinguisher is 
the elevator service room.  Figures 68, 69, and 70 below show the locations of all the active fire 
protection features including manual fire alarm boxes, standpipes, and fire extinguishers (regular 
and Type-K). 
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Figure 68: Floor One Active Fire Protection Features 
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Figure 69: Floor Two Active Fire Protection Features 
 
 
 
 
 
 
 
 
89 
 
 
 
Figure 70: Floor Three Active Fire Protection Features 
 
5.3.4 Fire Department Connections 
Fire Department Connections (FDC) allow the fire department to supplement the 
sprinkler system. The FDC allows the fire department to provide more water into the building 
sprinkler and standpipe system, along with the ability to adjust the pressures of each system.  The 
FDC needs to be located outside the building and along the street side of the building so the fire 
department can easily connect to it.  The FDC needs to be free from all obstructions so it can be 
immediately accessed at all times.  
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5.3.5 Sprinkler Systems 
According to the International Building Code, sprinkler systems were required due to the 
initial size of the design and allowed the building more options in terms of size, egress 
requirements and interior finishes.  The automatic sprinkler system will provide the occupants 
and owner with a safer building.  The system will provide additional time for the occupants to 
egress safely and contribute to the prevention of fire spread.  The sprinkler system design 
accounted for the important physical features of the building that affect sprinkler system 
performance. 
The design of the sprinkler system is based on a tree system.  The tree system has the 
cross main in the middle with branch lines extending from the cross main.  The building required 
two wet-pipe tree systems due to the area of the building and the allowable area of coverage for 
each system.   The cross main will enter from the city main which is along the back of the 
campus center.  The first system, shown in Figure 71, covers the first half of the building and the 
second system, shown in Figure 72, covers the second half of the building. 
 
 
Figure 71: System 1 Sprinkler System Layout 
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Figure 72: System 2 Sprinkler System Layout 
 
The design allowed the group to calculate the estimated cost of the systems and the performance 
provided by each system.  The designs of the two systems were in accordance with NFPA 13, 
The Standard for the Installation of Sprinkler Systems, which was acceptable by the 
International Building Code (IBC Section 903.3.1.1, 2009 Ed.).  
Figure 73 displays the steps in designing a sprinkler system.  It is important to complete 
each task before proceeding to the next because each section is related to the previous one.  For 
example, the occupancy classification has an effect on the pipe sizes and the hose stream 
allowance in the hydraulic calculations.   
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Figure 73: Sprinkler System Design Flow Chart
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 Establish Occupancies 
The first and most important concept in sprinkler system design is occupancy 
classification.  This classification identifies the type of possible fire sizes and commodities in the 
building along with the level of protection that must be provided by the sprinkler system.  The 
proper occupancy classification should correspond to the hazards present in the building.  The 
following figures display the occupancy classification for the first and second floor.  The third 
floor is all light hazard occupancy.  Once the occupancy classifications are chosen, the correct 
sprinkler system and the proper components can be used to match the hazards present.  Figures 
74 and 75 show the occupancy classifications for the first and second floors, respectively. 
 
Figure 74: Floor One Occupancy Classifications 
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Figure 75: Floor Two Occupancy Classifications 
The design of this sprinkler system was based on the requirements from NFPA 13. The 
campus center is classified for the most part as light hazard occupancy.  The kitchen and 
bookstore on the first floor are considered ordinary hazard along with the mail room on the 
second floor.  A light hazard occupancy is defined as an occupancy where the quantity and/or 
combustibility of contents are low and fires with a relatively low heat release rate are expected.  
NFPA 13 allowed the protection requirements for the light hazard to be used throughout the 
building because it met the requirements for mixed commodities.  In most areas, the ordinary 
hazard and light hazard occupancies had many similarities in terms of protection.  After 
calculating the design area and occupancies, the sprinkler layout was begun.   
Sprinkler and Pipe Layout 
The sprinkler layout is important to the effectiveness of the system.  The sprinklers must 
be properly spaced so each area has the proper area of coverage.  The sprinklers were spaced 
uniformly throughout each room.  The number of sprinklers per branchline was calculated by 
dividing the length of the room or (wall to wall) and dividing the area of coverage per sprinkler 
(130ft
2
).  When the branchline encompassed multiple rooms, the sum of the number of sprinklers 
in each room was calculated and the result was how many sprinklers were required on that 
particular branchline.   
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Pipe Sizes 
Once the spacing was established, the pipe sizes were calculated using the pipe schedule 
method.  The pipe schedule method determines the pipe size by how many sprinklers are 
downstream of the given pipe.  The pipe sizes are crucial during the hydraulic calculations 
because the pipe diameters affect pressure loss due to friction. 
Table 19: Light Hazard Pipe Schedules 
 
Source: Gagnon, Robert M. & Carl Anderson.  (2005). Designer's Guide to Automatic Sprinkler 
Systems. Bethesda, MD: Society of Fire Protection Engineers. 
 
Table 19 above is the light hazard pipe schedules from the Designer’s Guide to 
Automatic Sprinkler System (Gagnon, 56).  Even though some areas of the building are 
considered Ordinary Hazard occupancies, the pipe schedule was taken into account and 
addressed appropriately by increasing the pipe sizes for the amount of sprinklers.  Figures 76 
through 81 show the pipe sizes for the pipes in each system on each floor. 
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Figure 76: Pipe Sizes for Floor One, System 1 
 
 
 
Figure 77: Pipe Sizes for Floor One, System 2 
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Figure 78: Pipe Sizes for Floor Two, System 1 
 
 
 
Figure 79: Pipe Sizes for Floor Two, System 2 
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Figure 80: Pipe Sizes for Floor Three, System 1 
 
 
 
Figure 81: Pipe Sizes for Floor Three, System 2 
 
The Viking standard response pendent K-5.6 sprinkler will be used in the campus center 
for both System 1 and System 2.  This sprinkler is designed for light hazard occupancy use, and a 
K-factor of 5.6 is acceptable because the pressure and flow requirements are not very high for 
light hazard occupancies.  Pendent sprinklers project down from the pipe which allows the 
piping to be unexposed and more appealing to people interacting with the building.  The piping 
is allowed to be unexposed because the sprinkler heads project down far enough from the pipe 
and through the ceiling finish.  The sprinkler is the only part of the system showing and all the 
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piping and connections are unexposed for aesthetic purposes.  The sprinkler data sheet is shown 
in Appendix V.   The Viking standard response pendent K-5.6 sprinkler is shown in Figure 82. 
 
Figure 82: Viking Standard Response Pendent K5.6 Sprinkler 
Source: Viking Group, Inc. (2010). Standard Coverage Standard Response – Pendent. Retrieved 
February 17, 2011, from http://www.vikinggroupinc.com/en/products/485/493/657/652. 
 
Two different materials will be used for the piping because one pipe material will be used 
for underground piping and the other for above ground piping.  The piping used for the 
underground applications will be ductile iron with corrosion protection.  “Ductile iron pipe is the 
most commonly used pipe in underground installations” (Gagnon 106).  Ductile iron pipe 
provides high impact resistance and superior strength over a long life span.  It also conserves 
energy through lower frictional losses and lower pumping costs.  According to NFPA 13 Section 
10.1.1, underground piping shall be listed for fire protection service or shall comply with the 
standards in Table 10.1.1.  The American Ductile Iron Pipe that will be used complies with the 
standards of Table 10.1.1.   
The aboveground piping material used in the facility will be steel and the product type is 
Dyna-Flow made by Allied Tube & Conduit.  See Appendix W for the steel pipe data sheet.  The 
piping is listed by Underwriters Laboratory and approved by Factory Mutual. The Dyna-Flow 
high strength steel pipe is lightweight, easy to cut, and easy to handle for installation. Copper 
piping was considered because it has better hydraulic properties than steel piping, but copper 
increases investment cost and is normally used for its aesthetic appeal (Gagnon, 111).  The 
piping in the campus center will not be exposed so it would not be logical or cost-effective to use 
the copper piping. 
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5.3.6 Hydraulic Flow Calculations 
Flow and Pressure Demand 
After completing the basic sprinkler system layouts, the next step was to follow methods 
used in NFPA 13 Chapter 22.3 to complete the hydraulic calculations.  The most hydraulically 
demanding pressure and flow needed to meet the minimum design density required for that 
occupancy can be calculated by using the design/area method explain in NFPA 13 Chapter 22.3.  
The hydraulic calculations are used for determining the flow and pressure of the system.  The 
flow and pressure are compared to the water supply to assure that there is adequate flow and 
pressure for the system.  When using the design/area method, it is important to know the design 
density/area and by using NFPA 13 Figure 11.2.3.1.1.  The design density/area was 0.10gpm/ 
1500ft
2
 for a light hazard occupancy.  Due to the fact that the building will be located within a 
large municipality, it was assumed that the water supply will be able to provide whatever flow 
necessary for the system. Therefore, the only problem with the water supply was the pressure.  A 
smaller flow requirement resulted from this because the design areas were located on the third 
floor where there are only light hazard occupancies. However, as previously stated the flow was 
not the primary concern in the hydraulic calculations; the pressure losses that occurred over the 
36ft from where the water enters the building to the third floor sprinklers will result in the most 
demanding hydraulic design areas. 
The flow demand at the most hydraulically demanding sprinkler was calculated by the 
following equation (Gagnon, 246): 
Q=(d)(A) 
Where: 
Q=the minimum flow required at the sprinkler to achieve the density required [gpm] 
A=the area of coverage of the most demanding sprinkler [ft
2
] 
d=sprinkler design density by the occupancy or commodity classification [gpm/ft
2
] 
For System 1 and System 2, the area is 130 ft
2
 and the density is 0.10 gpm/ft
2
.  Therefore, the 
minimum flow required is 13gpm. 
The pressure demand at the most remote sprinkler was determined by using the following 
equation (Gagnon, 250): 
P = (Q/k)
2
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Where: 
 P= the pressure required at the sprinkler [psi] 
Q= the minimum flow required at the sprinkler to achieve a given density [gpm] 
k= the K-factor assigned to the sprinkler 
For System 1 and System 2, the Q was already calculated to be 13gpm and the K-factor 
was selected to be 5.6. Therefore the minimum pressure required is 5.38 psi.  But, NFPA 13 
requires that the minimum pressure at any sprinkler to be not less than 7 psi.  Therefore the 
starting demand for this sprinkler would be defaulted to 7psi and the flow would be recalculated 
to 14gpm.  The pressure and flow demand at the most hydraulically demanding sprinkler for this 
system is 7psi and 14gpm respectively.  With the minimum pressure and flow calculated, the 
most hydraulically demanding design area was determined.    
Total number sprinklers to calculate = design area/ area per sprinkler 
    = 1500ft
2
/130ft
2
 
    = 11.538 therefore 12 sprinklers  
Number of sprinklers on branch line = (1.2√A)/S;  
A= design area (1500ft2) 
S= distance between sprinklers on branchline (13ft) 
    = 3.57 therefore 4 sprinklers 
Figures 83 and 84 show the design areas for System 1 and System 2.  
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Figure 83: Sprinkler Design Area for System 1 
 
 
Figure 84: Sprinkler Design Area for System 2 
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The design area for System 1 will include 3 branchlines with 4 sprinklers on each 
branchline.  The design area for System 2 will be different because of the sprinklers protecting 
the stairways.  The sprinklers in the stairway will be added to the design area for a more 
conservative approach.  The design area for System 2 will include 3 total branchlines, 2 
branchlines with 4 sprinklers, and 1 branchline with 8 sprinklers.    
Once the design area, minimum pressure, and minimum flow were calculated, the next 
step was to calculate the pressure and flow for each sprinkler in the design area and then the 
piping that goes back to the water supply.  Before the calculations could begin, one last variable 
was needed for the calculations.  The “C factor” is a constant derived as part of the Hazen-
Williams formula:  
Pf = 4.52*Q
1.85
/C
1.85
/D
4.87
 where: 
P=Pressure loss due to friction [psi/ft] 
Q=Flow in the pipe [gpm] 
C=pipe C-factor 
D=diameter of the pipe [in] 
The C-factor represents the pipe roughness associated with the type of pipe chosen.  The C-factor 
is dependent on the type of system and the material being used.  The C-factor for this scenario 
would be 120 according to NFPA 13 because it is a wet pipe system and the material is steel. 
The hydraulic calculations yielded the following results: 
 System 1 required a final demand for the sprinkler system of 282.0gpm at 36.36psi. 
 System 2 required a final demand for the sprinkler system of 608.1gpm at 48.92psi. 
 System 1 required a final demand of the sprinkler system plus the hose demand requirement 
for a light occupancy hazard of 382.0gpm at 36.36psi.  
 System 2 required a final demand of the sprinkler system plus the hose demand requirement 
for a light occupancy hazard of 608.1gpm at 48.92psi. 
The final pressure and flow requirements are based on the highest pressure from the two 
systems and the combination of each system’s flows.  Therefore the final demand for the 
sprinkler system, including the hose demand is 990.1gpm at 48.92psi.  It was assumed that the 
municipal water supply was sufficient for our design.  If the municipal water supply was not 
sufficient, a water pump would need to be design and installed for the sprinkler system to work 
efficiently and effectively. 
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6.0 Construction Management: Cost Estimate and Schedule 
As discussed in Chapter 3: Methodology, the construction management portion of this 
project consisted of the development of cost estimates and a construction schedule.  The 
expected cost and durations are important pieces of information because they indicate to the 
owner the feasibility of the project, given any time and economic constraints he/she may have.  
The cost estimates and construction schedule for the proposed campus center are presented in 
this section. 
6.1 Cost Estimate 
The construction cost estimate was based on designed and approximated systems and 
their elements for the three-story campus center.  These elements include: beams, girders, 
columns, studs, steel decking, concrete decking, a fire suppression system, exterior, and interior 
components.  As discussed in the Methodology, a quantity takeoff and square foot cost analysis 
were examined in order to accurately estimate the total building cost.  Typically, a campus center 
of this size would cost approximately $14,210,014 or $148.33 per square foot when interpolated 
from the RS Means Square Foot Cost Data book.  This number is based on a fully designed steel 
framed campus center, but it can be used to compare results.  Another building that can be used 
for cost comparison is the WPI Campus Center that was completed in 2001, priced at $240 per 
square foot (Campus Center Construction on Target, 2000).  As shown by this data, construction 
costs for any type of building project fall within a range of values, and the cost for a given 
building depends on its architectural design and complexity as well as local economic conditions.  
The total cost of the project group’s campus center was approximately $11,800,000 with 
a square foot cost of $123.09 (this total represents the bare cost adjusted for overhead and profit 
and location factor).  Table 20 breaks down the cost of each designed member and square foot 
cost of non-designed components.  Figure 85 provides a visual for the break of the total costs 
associated with the building.  The costs for the designed structural steel framing and fire 
protection systems were nine percent and three percent respectively, of the total cost for the 
entire campus center.  A list of all the calculations and sections included in the exterior and 
interior of the building can be found in Appendix U. 
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Table 20: Total Cost of Designed Members and Cost per Square Foot 
 
 
 
 
Figure 85: Component Break Down of Total Cost 
 
To check the results of the components calculated through the quantity takeoff approach, 
they were converted to their respective square foot costs and compared with published industry 
data.  The designed fire protection system which included pipes and sprinklers is about a dollar 
less per square foot than the computed cost estimate from RS Mean Square Foot Costs.  Much of 
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this difference is probably due to the hangers, valves, connection, and bends which are not 
included in the completed design.  This is a good example why the computed cost estimate may 
be lower than the data from previous campus centers.  Table 21 shows the comparison between 
the computed cost from RS Means and the actual cost from quantity takeoff for the fire sprinkler 
system.  
Table 21: Comparison of RS Means Costs to Actual Costs from Quantity Takeoff 
 
 
The cost estimate on the three-story campus center for this project is considerably less 
than the fully designed campus center; however, it shows that the campus center for this project 
falls within an acceptable range for this stage of development.  Also, the cost may be lower than 
a typical campus center because the background design information was of limited extent: the 
design was based on structural analysis, and architectural design was only limited to floor 
layouts for structural loadings.   
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6.2 Construction Schedule 
 The final construction schedule for the three story campus center was the result of a 
number of revisions and alterations to the sequencing of activities conducted in PRIMAVERA.  
Major considerations that impacted the sequencing of activities included the logical order that 
activities needed to be placed (i.e. columns needed to be erected before girders and beams could 
be put in place), the critical path, and the total expected time duration for a project of this type 
and magnitude.  The group was presented with the task of organizing the activities in such a 
manner that the total project duration was reasonable.  Also, the critical path that was developed 
in PRIMAVERA should represent major activities involved in the construction project.  The 
critical path is important to any project because it identifies the expected duration of the entire 
project and those activities that will have a direct impact on the duration of construction.  The 
final construction schedule for the proposed three story campus center is presented in Figure 86.
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Figure 86: Construction Schedule for Three-Story Campus Center 
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As shown in the schedule, the total duration for the construction of the three-story 
campus center is projected to be approximately two and one-half years.  This total duration 
includes both preconstruction and construction activities.  The project will begin with 
preconstruction activities, such as procuring contractor bids on May 15, 2011 and is scheduled to 
be completed by October 22, 2013.  If preconstruction activities are not taken into account, the 
total duration of construction will be slightly over two years.  After examining the construction 
histories of existing campus centers, the two year duration is reasonable for a project of this 
magnitude.  For example, the construction of the WPI Campus Center began in October of 1999 
and lasted through March of 2001, equating to a total project duration of one and one-half years.  
The proposed 95,800 square foot three-story campus center for this project is slightly larger than 
the 71,000 square foot WPI Campus Center which accounts for it having a longer period of 
construction. 
One major challenge with the development of the construction schedule was sequencing 
activities in such a way that the total duration of the project did not exceed two and one-half 
years.  This target duration was established by examining the duration of construction for the 
WPI Campus Center.  As previously mentioned, the proposed campus center is slightly larger 
than the WPI Campus Center so the group determined a reasonable project duration (including 
preconstruction activities) was two and one-half years.  After the initial project schedule was 
complete, the total duration of the project was between three to four years.  The group decided 
that this was a somewhat lengthy duration for the construction of a campus center.  The schedule 
was shortened by revisiting the original card trick that was performed for the construction of the 
three-story campus center and determining activities could be performed simultaneously.  This is 
shown in the final schedule by those activities that overlap and occur in the same time frame. In 
some instances, lag time was applied to selected activities so that they can occur during the same 
time as other activities.  For example, brick veneer work on the building will occur at the same 
time as the CMU walls are being put up, and was assigned a lag or delay time of about a month 
after the start of work on the CMU walls.  The application of this technique helped the group 
shorten the total duration of the project to two and one-half years.   
Major activities that comprise the critical path for this project include: procuring 
contractor bids, site utility work, mass excavation, structural steel work, roofing, drywall, 
painting, completing site work and demobilizing, and building handover.  These are considered 
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to be the critical activities whose durations will have a direct impact on the overall duration of 
the project.  Special attention should be made to make sure that these activities are completed 
within the allotted time of the schedule.  Since this project is located in an urban setting there are 
a number of factors that may have a direct impact on the durations of these critical activities.  
Some implications of construction in an urban setting that may negatively impact the duration of 
the project include limited storage area for excess material; congested traffic flow in the 
surrounding area of the jobsite; limited work area for heavy machinery, such as cranes and dump 
trucks; and the multitude of legislated restrictions and permit approvals governing construction 
within heavily populated areas.  In order to limit the effect of these issues, there should be a 
sufficient degree of strategizing and preparation during the planning and preconstruction phases 
by all parties involved in the project.  Prior to issuing the notice-to-proceed to the selected 
contractor, the owner should obtain the necessary building permits and approvals from the city of 
Boston in order to avoid any delays during the initial phases of construction.
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7.0 Structural Alternatives 
 A variety of structural alternatives were investigated including the addition of three 
stories of residential housing to the three-story campus center, a braced frame design, and the 
introduction of a green roof. 
7.1 Six-Story Campus Center with Residential Accommodations 
The architectural and structural design processes for the additional three stories of 
dormitories were completed in a very similar manner to those of the original three-story campus 
center.  Spreadsheets and applicable results from Chapter 4: Three-Story Campus Center Design 
were utilized to aid in the design calculations and to ensure consistency throughout the entire six-
story building. 
7.1.1 Architectural Layouts and Loadings 
  The overall layout of the floor was designed in Autodesk REVIT which allowed the 
group to maximize the number of dormitory rooms, while making accommodations for common 
rooms, game rooms, and bathrooms.  All residential rooms were placed on the exterior of the 
building to provide window space for all occupants.  Additionally, the layouts are consistent for 
all three floors of residential space.  The architectural layouts can be seen below in Figure 87. 
 
Figure 87: Architectural Layout for Three Residential Stories 
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Following the design of the layouts for the three residential stories, ASCE 7-05 was used 
to determine the design live loads for the residential floors.  These loads were direct functions of 
room uses and their definition of such uses according to ASCE 7-05.  The live loads for all three 
residential stories can be seen below in Figure 88. 
 
Figure 88: Live Loads for Three Residential Stories 
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7.1.2 Beam Design 
Once the layouts and loadings were finalized the structural design commenced.  Due to 
similar loadings between the bottom three floors and the top three floors, it was not necessary to 
design any new beams using the spreadsheets.  The same sizes that were designed for the first 
three stories were applied to the beam loading and length conditions that were found on the top 
three floors.  The beams sizes that were chosen for all three floors of the residential space can be 
seen below in Figure 89. 
 
Figure 89: Beam Design for Three Residential Stories 
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7.1.3 Girder Design 
To determine which girders would be used throughout the top three stories, they were 
broken down into groups.  Each different group represents a different loading type.  The loading 
types were determined by the beams that connected to the girders, the tributary areas defined by 
the spacing between interior or exterior girders, the dead and live loading, and length of the 
girder.  The conditions and groupings are described below and shown in Figure 90.  
Girder Conditions: 
Yellow: W18X35, interior, 130psf, 30 ft 
Blue: no beams, exterior, 100psf, 30ft 
Red: W18X35, exterior, 100psf, 30ft 
Purple: same as alcoves from the first three floors 
Brown: W14X30, interior, 100psf, 30ft 
 
Figure 90: Girder Groupings for Three Residential Stories 
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From the loading types and different groups, a girder size and number of studs were 
determined from the spreadsheet used for the initial girder design, located in Appendix G.  These 
results are tabulated below.  The location of each type of girder can be seen below in Figure 91. 
Girder Size Based Upon Spreadsheet: 
Yellow: W24X76, 34 studs 
Blue: W24X68, 30 studs 
Red: W24X68, 30 studs 
Purple: W14X22, 10 studs 
Brown: W24X76, 34 studs 
 
Figure 91: Girder Design for Three Residential Stories 
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7.1.4 Column Design 
The columns were designed in two sections: one for the first, second, and third floors, 
and the second for the fourth, fifth, and sixth floors.  The design of each three story column was 
done in the same manner as that in Section 4.4, and used the spreadsheet in Appendix H.  Each 
of these sections was designed to be a constant size which was based upon the loading exerted on 
the first and fourth floor columns, respectively.  Figure 92 shows the tributary areas for each 
column. The loads on the first and fourth floor columns are shown below in Figures 93 and 94, 
respectively.   All values are in kips. 
 
Figure 92: Column Tributary Areas for Six-Story Alternative 
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Figure 93: Floor One Column Loadings for Six-Story Alternative 
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Figure 94: Floor Four Column Loadings for Six-Story Alternative 
 
Column groupings for floor one are shown in Figure 95 below (each floor is 12 feet in height): 
Group One: Red, height=2floors, loading=less than 717 kips, governing member= M4 
Group Two: Green, height=1 floor, loading=less than 150 kips, governing member=A3 
Group Three: Pink, height=1 floor, loading=less than 170 kips, governing member=K1 
Group Four: Purple, height=1 floor, loading=less than 334 kips, governing member=A16 
Group Five: Maroon, height=1 floor, loading=less than 596 kips, governing member=D16 
Group Six: Yellow, height=1 floor, loading=less than 909 kips, governing member=V10 
Group Seven: Orange, height=1 floor, loading=less than 1018 kips, governing member=G10 
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Figure 95: Floor One Column Groupings for Six-Story Alternatives 
 
Column groupings for floor four are shown in Figure 96 below (each floor is 12 feet in height): 
Group One: Red, height=1 floor, loading=less than 68 kips, governing member= A3 
Group Two: Green, height=1 floor, loading=less than 120 kips, governing member=A4 
Group Three: Pink, height=1 floor, loading=less than 220 kips, governing member=D4 
Group Four: Orange, height=1 floor, loading=less than 391 kips, governing member= M10 
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Figure 96: Floor Four Column Groupings for Six-Story Alternative 
 
Column sizes for the first floor were designed based on all of the loads that the column 
was under from floors two through six.  Chosen sizes were applied to the second and third floor 
columns, thus keeping the same size column throughout the first through third floors.  This 
design approach resulted in more favorable construction and fabrication conditions. The same 
method was used for the design of the fourth floor columns which were also applied to floors 
five and six.  These preliminary column sizes that were calculated were only starting points.  The 
size for some of the columns may need to be increased when the lateral load analysis is 
completed. 
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The preliminary column sizes for floor one are shown below (see Figure 95 for color 
coordination): 
Group One: Red: W14X109 
Group Two: Green: W8X24 
Group Three: Pink: W8X24 
Group Four: Purple: W8X48 
Group Five: Maroon: W10X77 
Group Six: Yellow: W10X112 
Group Seven: Orange: W14X120 
 
Column weights were added into the spreadsheet but did not affect Pu enough to require a change 
in the member size.  The new loads placed on the columns are essentially the same as those in 
the diagram above. 
 
The preliminary column sizes for floor four are shown below (see Figure 96 for color 
coordination): 
Group One: Red: W8X18 
Group Two: Green: W10X39 
Group Three: Pink: W10X49 
Group Four: Orange: W10X68 
 
Column weights were added into the spreadsheet but did not affect Pu sufficiently to require a 
change in the member size.  The new loads placed on the columns are essentially the same as 
those in the diagram above. 
 
Column Connections 
The design of the columns for the six-story gravity system differed from that of the 
columns in the three-story design because there were two layers of columns in each column 
stack, floors 1-3 and floors 4-6.  These two layers must be connected or spliced together where 
the third and fourth floors meet and this joining of two members can be problematic should the 
sizes of the two columns greatly differ in depth.  There are two locations in the above column 
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design where column splice issues became a concern.  One was the mating between the first 
floor red group (W14X109, depth = 14.3”) with the fourth floor pink group (W10X49, d =10.0”), 
and the other was the splice between the first floor orange group (W14X120, d =14.5”) and the 
fourth floor orange group (W10X68, d =10.4”).  
The difficulty in changing sizes of these members to allow for easier connections is that 
there is no continuity between groups from the first floor and groups for the fourth floor.  As 
such, a change in the fourth floor columns would affect not only the connections stated above, 
but also other connections whose member sizes match up well and require no redesign.  The 
columns on the first floor must be the ones whose depths are changed by a new member 
selection. 
Using the column Excel spreadsheet that is shown in Appendix H, the shallowest column 
size that would be acceptable for both the red and the orange first floor groups was determined to 
be a W12X136.  While the depth of this member does not match up with the fourth floor 
columns as well as expected, the smaller discrepancy between the depths will result in an easier 
connection.  In addition, the 12X136 would be a stockier column, a property which can have 
advantages for connections by requiring less stiffening plates.  Although an increase of some of 
the first floor members to a W12X136 would increase the cost of the members themselves due to 
a greater tonnage of steel, there are monetary advantages this change can provide from the point 
of view of the costs for columns splices and the costs associated with the addition of stiffening 
plates to column-girder connections. 
The final recommendation for the column sizes for this design will be that the original 
sizes of W14’s be used and alternate modes of connections between columns be investigated.  
However, the option of using the W12X136 members with simpler connections may be a better 
option should a cost and constructability analysis be done in more detail. 
7.1.5 Design of Lateral Force Resisting System 
The location of the lateral force resisting system frames were the same as those for the 
three-story system.  There were two possible design alternatives for the six-story LFRS, one with 
four frames in each direction and one with two frames.  When the design called for the four 
frame alternative, the new east-west frames were placed along the two rows of columns to the 
north of the current east-west frames.  The two new north-south frames were placed along the 
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rows of columns outside of the two current north south frames to help with symmetry between 
the systems as a whole. 
Initial member sizes from the beam, girder, and column design from the gravity loads 
were input into STAAD.  Figures 97 and 98 show the initial member sizes for each frame.   
 
Figure 97: Initial Member Sizes for East-West Frame STAAD Analysis 
 
 
Figure 98: Initial Member Sizes for North-South Frame STAAD Analysis 
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 It was determined that member groupings would allow for more efficient design and 
construction.  There were 16 groups made in total for each of the frames.  One group was made 
for each row of girders and two groups were for each set of columns: one for the first three 
stories, and the other for the top three stories.  The member groups are shown in Figure 99 
below. 
 
Figure 99: Member Groupings for STAAD Analysis 
 In order to complete the STAAD analysis, the dead, live, earthquake, and wind loads for 
each system were input.  These inputs for the east-west and north-south frames are shown in 
Figures 100 through 107 below.  The column base connections were assumed to be fixed in all 
the analyses conducted.  It should be noted that for the analysis of the four-frame system the 
lateral loads were divided by two but the gravity loads remained unchanged because their values 
were based on tributary floor area, which is dependent on bay size and independent of the 
number of column lines providing lateral load resistance. 
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East-West Loads 
 
Figure 100: Dead Load for East-West Frame (both concentrated and distributed forces) 
 
 
 
Figure 101: Live Load for East-West Frame (concentrated loads) 
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Figure 102: Wind Loads for East-West 2 Frame System 
Note: Four frame system values will be half of those shown. 
 
 
Figure 103: Earthquake Loads for East-West 2 Frame System 
Note: Four frame system values will be half of those shown. 
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North-South Loads 
 
Figure 104: Dead Load for North-South Frame (both concentrated and distributed forces) 
 
 
 
Figure 105: Live Load for North-South Frame (concentrated loads) 
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Figure 106: Wind Loads for North-South 2 Frame System 
Note: Four frame system values will be half of those shown 
 
 
Figure 107: Earthquake Loads for North-South 2 Frame System 
Note: Four frame system values will be half of those shown 
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After all of the necessary information was input to the program, STAAD was run and 
produced four separate output files, one for each of the four alternatives.  An example of a 
typical output file can be seen in Appendix R.   The final outputs are based upon the member 
groups previously mentioned and are located at the end of each of the STAAD files in Appendix 
R.  These final solutions can be seen below in Figures 108 through 111.  Note that the members 
were selected to be symmetrical because lateral forces can be directed in either direction.  
Additionally, there were several members that were output by STAAD as a part of the solution 
that were not found in the AISC Steel Manual.  If this was the case they were replaced by a 
member of the same depth that had the next size weight up so as to provide an upper bound 
member size.  
 
Figure 108: STAAD Final Results, East West 2 Frame System 
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Figure 109: STAAD Final Results, East West 4 Frame System 
 
 
 
Figure 110: STAAD Final Results, North South 2 Frame System 
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Figure 111: STAAD Final Results, North South 4 Frame System 
 After the member results were obtained from STAAD, it was necessary to perform a cost 
analysis to determine, for each direction, which of the two alternatives was the less expensive 
option (two frames compared to four frames).  The cost analysis was based on a unit cost per 
foot of steel multiplied by the total length of each member size within the given frame.  All steps 
of this analysis are laid out in the spreadsheet presented in Appendix S, and the final results are 
shown in Table 22 below.  Since this is an approximate engineer’s estimate, values have been 
rounded to the nearest hundred dollars. 
Table 22: Cost Analysis of Effectiveness of a 2 Frame LFRS vs. a 4 Frame LFRS 
Frame 
Number of 
LFRS frames 
Number of 
Gravity Frames 
Cost of 1 LFRS 
Frame 
Cost of 2 
Gravity Frames 
Total Cost of 
System 
EW2 2 2 $133,800.00  $188,400.00  $456,000.00  
EW4 4 0 $151,000.00  0 $604,000.00  
NS2 2 2 $175,000.00  $134,300.00  $484,300.00  
NS4 4 0 $160,400.00  0 $641,600.00  
 
In both the North-South direction and the East-West direction, there were four central 
frames, four bays wide and six stories high that were determined to be appropriate locations for 
lateral frames.  The purpose of this calculation was to determine whether it was more economical 
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to have all four frames contribute to resisting the lateral forces, or have two frames resist lateral 
motion and have the remaining two frames act solely as gravity frames.  The frames in each 
direction were looked at independently, and the cost results do not take the other direction into 
account.  The results of the cost analysis clearly show that a two-frame LFRS is the more cost 
effective alternative and as such will be used in the final design of the six-story campus center.  
The final member sizes and locations were taken from the STAAD results presented in the above 
figures and applied to the final structural drawings located in Section 8.4 of this report. 
7.1.6 Footing and Column Base Plate Designs 
 The design of the footings and base plates was conducted in a similar manner for the six-
story structure as the three-story campus center and used the same spreadsheet in Appendix L.  
Critical reactions necessary for design were taken from STAAD software.  Column footings and 
base plates were designed according to the appropriate column groupings (refer to Figure 95).  
Similar considerations to those made for the three-story column footings and base plates were 
made for the six-story footings and column base plate designs.  Table 23 shows the designs of 
the footings and base plates for the gravity columns of the six-story structure. 
Table 23: Six-Story Gravity Column Footing and Base Plate Designs: Floors 1-3 
Column Group Pu (k) Supported Column Footing Area (sf) Baseplate Size: 
One 717 W14X109 196 1-1/2" x 16" x 1' 4" A36 
Two 150 W8X24 49 3/4" x 8" x 8" A36 
Three 170 W8X24 49 3/4" x 8" x 8" A36 
Four 334 W8X48 100 1" x 11" x 11" A36 
Five 596 W10X77 169 1-1/2" x 14" x 1' 2" A36 
Six 909 W10X112 256 2-1/4" x 18" x 1' 6" A36 
Seven 1018 W14X120 256 1-3/4" x 19" x 1' 7" A36 
 
Designs for the footings and base plates of the columns of the LFRS were based on the North-
South 2 and East-West 2 frames.  The designs of the footings and base plates for the supported 
columns of the LFRS are presented in Table 24.  Refer to the plan view and section view of the 
typical footing and column base plate connection presented in Section 4.7 of this report.  Final 
plan drawings of the layout of the footings and base plates for the entire building are presented in 
Chapter 8: Conclusions.  
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Table 24: Six-Story LFRS Column Footing and Base Plate Designs 
Pu (k) Mu (k-ft) 
Supported 
Column 
Footing 
Area (sf) 
Baseplate Size: Weld Size: 
561.34 628.46 W24X104 324 4-3/4" x 32" x 2' 8" A36 N/A 
1257.44 630.85 W24X131 324 4-3/4" x 32" x 2' 8"A36 N/A 
1190.93 623.49 W33X130 324 5" x 30" x 2' 6"A36 N/A 
677.4 526.05 W27X146 196 4" x 24" x 2' 4"A36 N/A 
1345.35 1152.08 W36X232 361 5-1/4" x 78" x 6' 6"A36 N/A 
1249.92 1154.35 W36X232 324 5-1/4" x 70" x 5' 10"A36 N/A 
 
Compared to the base plate designs for the three-story campus center, the required thicknesses 
for the base plate designs of the LFRS columns for the six-story building are larger.  The 
increased thickness is attributed to the larger overturning moment that is present in the six-story 
building.   Note that shop welding was not required for any of the base plates that supported 
columns of the LFRS.  Columns will be shipped with attached base plates and then field bolted 
to the footings. 
An alternative to the designs presented above could be to provide a thinner plate by 
incorporating more hardware to the connection between the column and the base plate.  This 
hardware could consist of increasing the number of bolts, fasteners, and welding.  Stiffener 
attachments from the column to the base plate could also be used with a thinner base plate to 
provide the necessary lateral moment resistance and to help control prying forces that may arise 
from flexure of a relatively thin base plate.  The drawback to increasing the amount of hardware 
is that this could potentially be very costly in terms of material and labor costs.  Since the design 
should be as economical as possible, leaving the base plates thicknesses as they are presented 
here is likely a more viable option
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7.2 Braced Frame Design 
Two braced frames were designed for this alternative, one for the east west direction and 
one for the north south direction.  The loadings the frames in each direction was subjected too 
made it necessary to separately design the members for the EW system and the NS system.  
However, the difference in the loadings between the four frames for a given direction were 
similar enough that only one set of members had to be designed within that set.  Figures 112 
through 119 show in detail the frames and the loads associated with each frame. 
 
North-South Braced Frame 
 
Figure 112: North-South Braced Frame Dead Load 
135 
 
 
Figure 113: North-South Braced Frame Earthquake Load 
 
 
 
 
Figure 114: North-South Braced Frame Live Load 
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Figure 115: North-South Braced Frame Wind Load 
 
East-West Braced Frame 
 
Figure 116: East-West Braced Frame Dead Loads 
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Figure 117: East-West Braced Frame Earthquake Loads 
 
 
 
 
Figure 118: East-West Braced Frame Live Loads 
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Figure 119: East-West Braced Frame Wind Loads 
Note: The column and girder sizes in each of the frames are based upon the member sizes before 
the Lateral force resisting system was designed.  
From the RISA analyses and the spreadsheet calculations for member capacities, the 
following charts summarize the single angle members that were designed.  Tables 25 and 26 
below show the axial loads on each single angle member. 
Table 25: East-West Frame Axial Loads and Member Designs 
Member Number 
Axial Loads (k) 
Member Size 
Tension Compression 
10 23.83 -13.61 L6 X 6 X 5/16 
11 23.83 -13.61 L6 X 6 X 5/16 
12 40.04 -35.04 L6 X 6 X 3/8 
13 40.04 -35.04 L6 X 6 X 3/8 
14 26.77 -23.66 L6 X 6 X 5/16 
15 26.77 -23.66 L6 X 6 X 5/16 
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Table 26: North-South Frame Axial Loads and Member Designs 
Member Number 
Axial Loads (k) 
Member Size 
Tension Compression 
10 24.98 -13.61 L6 X 6 X 5/16 
11 24.98 -13.61 L6 X 6 X 5/16 
12 47.68 -35.04 L6 X 6 X 3/8 
13 47.68 -35.04 L6 X 6 X 3/8 
14 49.80 -32.07 L6 X 6 X 3/8 
15 49.80 -32.07 L6 X 6 X 3/8 
 
From the tables it was determined that four braced frames in the North-South and four 
braced frames in the East-West direction must be used to successfully resist the expected lateral 
loads.  Due to architectural constraints the braced frames had to be placed on the exterior of the 
building.   Figure 120 shows that placement of the frames within the building layout.  There 
were two main reasons for placing the frames in a symmetrical manner about the exterior of the 
building.  The first was to orient them in such a way that there was symmetry about both the 
north-south and east-west axes of the building to eliminate any twisting induced by lateral loads.  
The frames had to be placed on the exterior walls because these were the only locations where a 
three story frame could be placed without interfering with the initial architectural design.   
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Figure 120: Braced Frame Placement 
Note: The North-South frames are denoted as blue, and the East-West braced frames are denoted 
as red. 
Deflection Check 
The final step in the braced frame analysis was to complete a deflection adequacy check. 
To complete the deflection check, the wind and earthquake loads were applied to the braced 
frame.  The total deflection at each joint was calculated using RISA.  As seen in Figures 121 and 
122, the maximum deflections in the East-West and North-South directions were approximately 
0.328 inches and 0.763 inches, respectively, which were obtained for wind and seismic loads.  
This magnitude of deflection was less than H/240, which is relatively small and considered to be 
allowable.  If the deflection was higher, then building members would have had to be redesigned 
to withstand the deflection from the loading.  Figures 121 and 122 below show the deflection for 
the East-West frame and the North-South frame respectively.  The pink lines shows the 
deflection which is exaggerated so deflection can be visible. 
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Figure 121: Lateral Braced Frame: East-West Deflection Check 
 
 
 
 
Figure 122: Lateral Braced Frame: North-South Deflection Check 
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7.3 Green Roof Addition 
 Due to the growing trend of sustainable construction alternatives, the potential may arise 
for the addition of a green roof to the campus center building.  The environmental impacts of 
green roofs have been well-documented and discussed in numerous studies.  Since the proposed 
campus center will be located in an urban area where there is limited space, it is worthwhile to 
investigate the potential for adding a green roof for plant and animal habitats.  As discussed in 
Chapter 2: Background, extensive green roofs consist of fewer plant species and are 
advantageous in that they are less expensive and require lower levels of maintenance than other 
green roof alternatives.  Although more costly, intensive green roofs are desirable in that they 
can consist of a variety of plant life, ponds, waterfalls, and other natural habitats.  For the 
purpose of this study, the group investigated the structural impact of these green roof alternatives 
and made comparisons to the design of a standard roof. 
 The structural analysis of the loadings associated with the two types of green roofs 
focused on the beam designs for a typical 30 ft by 30 ft roof bay for the campus center.  The roof 
design for the standard interior roof bay (as discussed in Chapter 4) was a W14x22 beam spaced 
at 10 ft o.c.  As mentioned in Chapter 3: Methodology, the group examined two design scenarios 
for the two extensive green roof weights and for the two intensive green roof weights.  One 
scenario set the beam spacing at a constant of 10 ft and then adjusted beam sizes accordingly to 
account for the increase in loading from the green roofs.  The results from the design of each 
alternative for this scenario are presented in Table 27.   
Table 27: Green Roof Beam Sizes for 10 ft Spacing 
Roof Type 
Green Roof 
Loading 
Beam Spacing 
Number of 
Beams per Bay 
Beam Size 
Extensive: Light 14.3 psf 10 ft 2 W14x30 
Extensive: Heavy 34.8 psf 10 ft 2 W14x38 
Intensive: Light 59.4 psf 10 ft 2 W14x48 
Intensive: Heavy 198.7 psf 10 ft 2 W18x65 
 
The second scenario used the same beam size as was found for the standard roof beam design, a 
W14x22 beam, and adjusted the beam spacing accordingly to account for the increase in loading.  
The results from the design of each alternative for this scenario are presented in Table 28.   
143 
 
Table 28: Green Roof Beam Spacing for W14x22 Beam Size 
Roof Type 
Green Roof 
Loading 
Beam Size Beam Spacing  
Number of 
Beams per 
Bay 
Extensive: Light 14.3 psf W14x22 7.5 ft 3 
Extensive: Heavy 34.8 psf W14x22 5 ft 5 
Intensive: Light 59.4 psf W14x22 3.75 ft 7 
Intensive: Heavy 198.7 psf W18x35 3.75 ft 7 
 
 Based on the results of the initial roof beam design, it was known that the governing 
design factor was deflection during construction.  The adequacy of this check guided the design 
process for the designs of the green roof beam sizes and layouts.  As shown in Table 27, 
extensive roofs required smaller beam sizes than intensive roofs when the beam spacing was held 
constant.  As shown in Table 28, extensive green roofs required fewer beams per bay than 
intensive green roofs when the beam size is held constant. These results were expected since 
extensive green roofs generally have smaller loadings than intensive green roofs.  Note that it 
was not practical to assume a beam size of W14x22 for the heavy intensive green roof because 
this loading would require a very small beam spacing that would not be feasible.  For this reason, 
a beam size of W18x35 was used to make comparisons, which resulted in a beam spacing of 3.75 
ft and 7 beams per bay which is still rather unlikely for construction.  A bay configuration 
consisting of 7 beams would not be economical and would be rather labor intensive. 
 The structural analysis allowed the group to identify the most economical designs for 
each green roof type.  For the extensive green roofs, the most economical designs are those of 
the light extensive green roof.  The two designs that were determined for the internal roof bays 
were W14x30 beams spaced at 10 ft o.c. with 2 beams per bay or W14x22 beams spaced at 7.5 ft 
o.c. with 3 beams per bay.  For the intensive green roofs, the most economical designs are those 
of the light intensive green roof.  The two designs that were determined for light intensive green 
roofs were W14x48 beams space at 10 ft o.c with 2 beams per bay or W14x22 beams space at 
3.75 ft o.c with 7 beams per bay.   
Using these results along with the bare costs for the beam sizes listed in RS Means and 
the average square foot cost of each roof type, comparisons were made to determine the most 
economical green roof design.  The total cost of each roof type (plants, soil, and other 
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vegetation) + beam costs per 30 ft by 30 ft roof bay was determined.  Results for the green roof 
cost analysis are presented in Table 29.  
Table 29: Green Roof Cost Analysis 
Roof Type 
Average Cost 
of Roof Type 
(not including 
framing) 
Beam Size 
Beam Bare Cost              
(Material, 
Labor, 
Equipment) 
Number of 
Beams per 
Bay 
Total Cost 
per Bay 
Total Cost per 
Square Foot of 
Roof Area 
Extensive: Light $19.50/SF W14x30 $41.13/LF 2 $20,017.80 $22.24 
Extensive: Light $19.50/SF W14x22 $35.70/LF 3 $20,763.00 $23.07 
Intensive: Light $32.50/SF W14x48 $69.38/LF 2 $33,412.80 $37.13 
Intensive: Light $32.50/SF W14x22 $35.70/LF 7 $36,684.00 $40.76 
 
 As shown in Table 29, the most economical design for a green roof alternative is a 
lightweight extensive green roof with W14x30 beams spaced at 10 ft o.c. with two beams per 
bay.   The lightweight extensive green roof design costs $22.24 per square foot of roof area (not 
including the cost of girders).  The cost for a conventional roof including concrete decking, steel 
decking, beams, and girders for the calculated design of the three-story campus center for this 
project is $14.14 per square foot.  From this comparison, it is evident that the green roof addition 
will add significant costs compared to the conventional roof; however, the long-term 
environmental benefits may be worth the initial construction costs.  
For the purpose of this study, only the beams and beam spacing requirements were 
designed under the loadings of an extensive and intensive green roof.  Based on the results 
obtained from the beam analysis, it is evident that an increase in the loadings associated with 
green roofs will require an increase in beam sizes and/or decrease in beam spacing.  The increase 
in loading from the green roof addition will also require larger girder sizes.  The girder design 
under green roof loadings was not conducted for this study; however, will be valuable to further 
investigate when comparing the overall cost per square foot of roof area of the framing members 
for a conventional roof to those of the green roof alternatives.  This type of information will be 
beneficial to the owner in performing a cost-benefit analysis of the different roof types. 
Ultimately, the final selection of a green roof design will depend upon the anticipated 
function and performance of the green roof as specified by the building owner and architect. The 
design and cost estimate conducted for this project should provide the necessary parameters to 
make future comparisons between green roof alternatives based on structural implications.  
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8.0 Conclusions 
 The completion of this Major Qualifying Project involved the structural design of a three-
story campus center located in Boston, Massachusetts, along with a determination of the fire 
protection requirements, development of a cost estimate and construction schedule, and 
investigation of potential structural alternatives.  The completion of these activities, in 
accordance with provisions of established codes and procedures, allowed the project team to 
develop final recommendations and drawings for the campus center building.   
8.1 Final Designs for Three-Story Campus Center  
 The structural design of the three-story campus center building consisted of the design of 
beams, girders, columns, connections, footings, and base plates.  The completion of the structural 
design involved the use of the provisions established in ASCE 7-05, procedures and data in the 
AISC Steel Manual, and the development of Excel spreadsheets for design.  From the results 
obtained from the structural analysis, final designs were developed for the most economical 
member sizes for three-story campus center.  The final designs for the beams, girders, columns, 
and footings and base plates are presented below in Figures 123 through 127.  Note that the 
column design is consistent for all floors.
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Beam and Girder Design 
 
Figure 123: Second Floor Beam and Girder Final Designs for Three-Story Campus Center 
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Figure 124: Third Floor Beam and Girder Final Designs for Three-Story Campus Center 
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Figure 125: Roof Beam and Girder Final Designs for Three-Story Campus Center 
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Column Design 
 
Figure 126: Final Column Designs for Three-Story Campus Center  
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Footing and Base Plate Design 
Table 30: Legend for Final Column Footing and Base Plate Designs for Three-Story Campus Center 
Color Group Supported Column Type 
Footing Area 
(SF) 
Base Plate Size Weld Size 
Red  Gravity 121 1-1/4" x 13" x 1' 1" A36 N/A 
Green Gravity 25 1/2" x 7" x 7" A36 N/A 
Pink  Gravity 49 1" x 8" x 8" A36 N/A 
Purple Gravity 81 1" x 10" x 10" A36 N/A 
Maroon Gravity 100 1-1/4" x 12" x 1' A36 N/A 
Yellow Gravity 144 1-3/4" x 14" x 1' 2" A36 N/A 
Orange Gravity 169 1-1/2" x 15" x 1' 3" A36 N/A 
Black 
LFRS - E-W Outer   
(West Side of Frames) 
169 2-1/2" x 12" x 1' 10" A36 
13/16" fillet weld, E70 
electrode, SMAW 
Black 
LFRS - E-W Outer     
(East Side of Frames) 
144 2-1/2" x 12" x 1' 10" A36 
13/16" fillet weld, E70 
electrode, SMAW 
Black 
LFRS - E-W Inner  
(North Frame) 
169 2" x 20" x 1' 8" A36 N/A 
Black 
LFRS - E-W Inner   
(South Frame) 
196 2" x 20" x 1' 8" A36 N/A 
Black 
LFRS - E-W Middle 
(North Frame) 
169 2-1/4" x 18" x 1' 8" A36 N/A 
Black 
LFRS - E-W Middle 
(South Frame) 
196 2-1/4" x 18" x 1' 8" A36 N/A 
Black LFRS - N-S Outer 121 2-1/2" x 16" x 1' 10" A36 
1" fillet weld, E70 electrode, 
SMAW 
Black LFRS - N-S Inner 196 3-1/4" x 24" x 2' A36 N/A 
Black LFRS - N-S Middle 169 2-3/4" x 18" x 1' 10" A36 N/A 
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Figure 127: Final Column Footing and Base Plate Designs for Three-Story Campus Center
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8.2 Fire Protection System Recommendations 
The design for fire safety consisted of both passive and active fire protection systems.  
Both features of the building were intended to enhance the life-safety and protection of the 
property.  The combination of the systems generated a building that has the ability to prevent or 
contain a fire. If a fire did arise, the building has the proper features to manage or extinguish the 
fire.  The fire protection features in this campus center were designed following the standards of 
the NFPA and IBC.  Both standards are widely accepted throughout the United States, and the 
NFPA is considered an advocate in fire protection and life safety.   
The following passive fire protection features were designed for the campus center:  
 Fire barriers 
 Interior wall and ceiling finishes 
 Interior floor finishes 
These features contribute to preventing the initial start of a fire and are beneficial in retarding the 
spread of a fire.  The fire barriers were the most important passive fire protection feature.  The 
fire barriers protected the stairways, which were the most import means of egress and largely 
impacted the life-safety of the building.  
The following active fire protection features were designed for the campus center:  
 Alarm systems 
 Standpipes 
 Portable fire extinguishers 
 Automatic sprinkler system 
The active fire protection features had a major impact on the general fire protection 
requirements.  The installation of an automatic sprinkler system provided some flexibility in 
other fire protection areas.  The exit capacity width, the length of the exit travel distance, and the 
level of passive fire protection were just some examples of areas in which the automatic 
sprinkler system allowed design flexibility.  These alterations allowed for more options in the 
design and materials used for the building.  The final automatic sprinkler design layout 
accounted for the following elements: 
 Occupancy classification 
 Sprinkler type and sprinkler spacing 
Figures 128, 129, and 130 display the sprinkler and pipe layout for both System 1 and System 2:   
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Figure 128: First Floor Sprinkler and Pipe Layout 
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Figure 129: Second Floor Sprinkler and Pipe Layout 
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Figure 130: Floor 3 Sprinkler and Pipe Layout 
Since there was no comparison to base this design on, this sprinkler system was 
hydraulically designed consistent with the guidelines set by NFPA 13.  NFPA 13 provided a 
template on how to produce the most effective sprinkler system.    
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8.3 Construction Management Recommendations 
 The construction management portion of this project involved a determination of a cost 
estimate and construction schedule for the three-story campus center.  The cost estimate and 
construction schedule are important pieces of information because they provide the owner with 
some knowledge of the economic feasibility and total project duration.  
 The cost estimate for the building was determined by using the published values listed in 
RS Means Building Construction Cost Data and RS Means Square Foot Costs.  The cost estimate 
included the structural systems, fire protection systems, electrical, HVAC, and finishes.  For 
those systems, such as the electrical, HVAC, and finishes that were not designed, the average 
square foot costs listed in RS Means were used.  The total cost for the construction of the three-
story campus center was determined to be $11,800,000 or $123.09 / square ft.  Compared to the 
published value for a campus center of this magnitude listed in RS Means and that of the WPI 
Campus Center, this value is somewhat low; however, this is expected because this project did 
not design all of the building systems and incorporates a simple architectural design.    
 The development of the construction schedule for the three-story campus center involved 
the use of PRIMAVERA scheduling software.  The final construction schedule is presented in 
Section 6.2: Construction Schedule of this report.  The project will begin with preconstruction 
activities on May 15, 2011and construction is scheduled to be completed on October 22, 2013.  
The intent is to complete the project with the arrival of a new academic year.  In a comparison 
between this project schedule and that of the WPI Campus Center, this total duration of roughly 
two and one-half years was considered to be feasible for a project of this type and magnitude. 
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8.4 Structural Alternative Recommendations 
 The structural alternatives that were considered included the addition of three residential 
stories to the three-story campus center, the incorporation of a braced frame, and the addition of 
a green roof.   
8.4.1 Final Designs for Six-Story Campus Center 
From the results obtained from the structural analysis, final designs were developed for 
the beams, girders, columns, footings and base plates for the six-story campus center.  The final 
designs for the beams, girders, columns footings and base plates are presented below in Figures 
131 through 139.  Note that the column design is consistent for floors one through three, and 
then for floors four through six. 
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Beam and Girder Design 
 
 
Figure 131: Second Floor Beam and Girder Final Designs for Six-Story Campus Center 
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Figure 132: Third Floor Beam and Girder Final Designs for Six-Story Campus Center 
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Figure 133: Fourth Floor Beam and Girder Final Designs for Six-Story Campus Center 
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Figure 134: Fifth Floor Beam and Girder Final Designs for Six-Story Campus Center 
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Figure 135: Sixth Floor Beam and Girder Final Designs for Six-Story Campus Center 
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Figure 136: Roof Beam and Girder Final Designs for Six-Story Campus Center 
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Column Design 
 
Figure 137: Final Column Designs, Floors 1-3, for Six-Story Campus Center 
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Figure 138: Final Column Designs, Floors 4-6, for Six-Story Campus Center 
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Footing and Base Plate Design 
Table 31: Legend for Final Column Footing and Base Plate Design for Six-Story Campus Center 
Color Group Supported Column Type 
Footing Area 
(SF) 
Base Plate Size Weld Size 
Red  Gravity 196 1-1/2" x 16" x 1' 4" A36 N/A 
Green Gravity 49 3/4" x 8" x 8" A36 N/A 
Pink  Gravity 49 3/4" x 8" x 8" A36 N/A 
Purple Gravity 100 1" x 11" x 11" A36 N/A 
Maroon Gravity 169 1-1/2" x 14" x 1' 2" A36 N/A 
Yellow Gravity 256 2-1/4" x 18" x 1' 6" A36 N/A 
Orange Gravity 256 1-3/4" x 19" x 1' 7" A36 N/A 
Black LFRS - E-W Outer 324 4-3/4" x 32" x 2' 8" A36 N/A 
Black 
LFRS - E-W Inner  
(North Frame) 
324 4-3/4" x 32" x 2' 8"A36 N/A 
 Black 
LFRS - E-W Inner   
(South Frame) 
361 4-3/4" x 32" x 2' 8"A36  N/A 
Black LFRS - E-W Middle 324 5" x 30" x 2' 6"A36 N/A 
Black LFRS - N-S Outer 196 4" x 24" x 2' 4"A36 N/A 
Black LFRS - N-S Inner 361 5-1/4" x 78" x 6' 6"A36 N/A 
Black LFRS - N-S Middle 324 5-1/4" x 70" x 5' 10"A36 N/A 
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Figure 139: Final Footing and Base Plate Designs for Six-Story Campus Center
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8.4.2 Braced Frame Recommendations 
The purpose of the braced frame design was to provide an alternative for the lateral load 
resisting portion of the structure.  The design process of the braced frame option was less 
extensive than that of the rigid frame because it could be assumed that all members were only 
subjected to axial loads.  However, this added advantage was not perceived to be sufficient to 
overcome the architectural problems created by introducing cross members within open spaces 
of the building.  After investigating all options for the locations of the braced frames it was found 
that the only places they could be located without any disruption of the proposed architectural 
layouts were the external walls. 
Overall, although a rigid frame required additional time to design and will incur an extra 
cost, it would provide value by not disrupting any of the functionality of the building.  The rigid 
lateral force resisting system allows for more open spaces in the campus center, something that 
will aid in the adaptability of many of its rooms, a vital characteristic in a building such as this. 
8.4.3 Green Roof Addition Recommendations 
 In order to promote sustainable construction, the group investigated the structural and 
economic implications of a green roof addition.  This process involved an analysis of the 
different loadings associated with extensive and intensive green roofs.  Beam sizes and beam 
spacings were designed for the different types of green roofs.  A simple cost analysis was 
conducted to determine the cost of each green roof alternative per bay.  The unit cost per square 
foot of the green roof alternatives were compared to the cost of the conventional flat roof that 
was designed for the basic three-story structure.   
The most economical green roof design that was that of a lightweight extensive green 
roof with W14x30 beams spaced at 10 ft o.c. with two beams per bay.  The cost of this green 
roof alternative including the cost of beams and supported green roof material (i.e. soil and 
vegetation) was $22.24 per square foot of roof area.  The total cost of the beams, girders, 
concrete decking, and steel decking for the conventional roof was determined to be $14.14 per 
square foot of roof area.  Clearly, the addition of a green roof will increase the overall cost of the 
building.  The anticipated function and performance of the green roof will determine the final 
selection of a green roof design.  The analysis conducted for this project should provide the 
necessary considerations that should be made when evaluating green roof alternatives based on 
structural implications. 
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8.5 WPI Project Experience and Future Work Potential 
 The completion of this Major Qualifying Project incorporated the knowledge obtained 
through classes taken at WPI along with a unique project experience.  This project allowed the 
group to apply the principles learned in the classroom to a real-world design scenario.  In 
addition, independent learning to address knowledge and skills not covered in the classroom was 
conducted by group members.  The group was presented with the challenge of designing a 
campus center and developed an in-depth process to meet the identified objectives in an efficient 
manner.  By going through the identified methodology, the group was able to meet the objectives 
of developing the structural design, determining the fire protection requirements, creating a cost 
estimate and construction schedule, and proposing various structural alternatives for the campus 
center building.  The completion of these objectives met six constraints of Capstone Design 
which include: economics, the environment, sustainability, constructability, ethics, health and 
safety, and social implications. 
 The analysis conducted in this project addressed a wide spectrum of issues; however, the 
project also presents the opportunity for future work.  Sustainability issues associated with this 
mixed-use campus center building in an urban setting is a principal area for further investigation.  
This additional work may consist of a deeper analysis of the environmental and structural 
implications of a green roof addition to the building, including drainage and fire protection 
considerations.  In conjunction with sustainable construction efforts, it would also be valuable to 
consider the design specifics that would enable the building to obtain LEED certification.  As 
green building becomes more important, particularly in urban areas, these considerations would 
be critical to decrease the environmental impact of such a campus center. 
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Abstract 
The purpose of this Major Qualifying Project is to design the structural system for a 
three-story campus center in Boston, Massachusetts.  A structural design using steel framing and 
construction, including the addition of three floors which will be used as residence halls, was 
developed using the knowledge in the studies of structural steel.  Aspects of fire protection, 
environmental engineering, and project management will be prepared and submitted as project 
deliverables in addition to the structural design.  
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1.0 Introduction 
 The importance of creating a strong sense of community and student involvement is ever 
increasing throughout American college campuses. Campus centers and other student gathering 
areas provide social and recreational opportunities for college students. Particularly within urban 
areas where space is limited, it is of the utmost important that colleges enhance the student 
experience by maximizing their land use. The motivation for this study was the design and 
construction of Wheelock College’s newly constructed joint campus center/dormitory building. 
The design of this facility incorporated many technical elements of the structural engineering 
discipline while also capturing the social and educational needs of college students. 
 The project team’s overall goal is to develop the structural design for a three-story 
campus center located in Boston, Massachusetts. Major tasks that must be completed to 
accomplish this project include: determining the functionality of the areas and resulting loads 
acting within the building, designing the structural elements for several alternative designs, and 
performing a cost estimate for the structural materials, labor, and equipment that will be needed 
for each alternative. In addition to these tasks, a further analysis of the building will include the 
structural re-design of the campus center with the addition of three stories of residential living 
space on top, the fire protection requirements for the three-story campus center, an investigation 
of the feasible alternatives for a green roof, and the development of a construction schedule and 
estimate for the initial three-story design.  The schedule and cost estimate will be based on the 
building as a whole, with values for the structural components calculated based on our design, 
and the remainder of the building calculated based upon industry averages.  
 A considerable amount of background research was needed in order to effectively 
understand and meet the project objectives. Major topics discussed in the following chapter will 
include the characteristics of the campus center and dormitory building at Wheelock College, a 
site description and architectural layout for the campus center that the project team will be 
designing in Boston, Massachusetts, the importance of fire protection elements and the 
applicable fire code provisions, and an examination of green roof alternatives and related case 
studies. This background information, combined with prior education in the civil engineering 
discipline and capstone design considerations were instrumental in the development of the 
project methodology. 
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2.0 Background 
Life on college campuses across the country has been centralized through the 
construction of functional and attractive student centers.  These buildings have specific and 
unique needs and functions that require equally specific and unique engineering solutions.  
Examples of distinctive solutions that have been implemented on college campuses include:  the 
construction of basketball courts over swimming pools (shown at the new WPI Recreation 
Center) and the design of a 23-foot deep truss that supports the roof over a hockey arena (shown 
at Boston University). 
Over the past decade, dozens of schools have improved their campuses and enhanced 
their reputation through the construction of student social or recreation centers.  The types of 
project vary from the $17 million WPI campus center completed in 2001, to the $225 million 
Boston University John Hancock Student Village, completed in 2005. The John Hancock Student 
Village is home to student housing, a full size hockey and basketball arena, and a plethora of 
athletic facilities and equipment available to all Boston University students 
(wpi.edu/Admin/CC/About/dream.html, 2007).  Another project born of necessity and school 
advancement is Wheelock College’s six story, $24 million campus center and student residence 
building, located in the heart of Boston and completed in 2009. 
2.1 Wheelock College Campus Center and Student Residence 
 The Wheelock College Campus Center and Student Residence is the main source of 
inspiration for the project’s direction.  Investigation of this building enhanced our knowledge of 
the technical, social, and environmental implications of campus centers.  Wheelock College was 
chosen for this study because it is located in Boston, Massachusetts, the same area as the campus 
center that the group will be designing.  Thus, it will have similar design conditions, including 
soil type and external loading.  Additionally, the primary building material in both our project 
and Wheelock College’s Campus Center will be structural steel (emporis.com, 2010). 
2.1.1 General Information 
 The need and excitement for a campus center at Wheelock College was voiced by 
Wheelock President, Jackie Jenkins-Scott, who stated, “We are thrilled to start construction on 
this new building that will support and provide much needed space for our growing programs 
and enrollment at Wheelock College.” (wheelock.shawmut.com/president, 2007).  
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The design and construction of the Wheelock College Campus Center and Student 
Residence was the result of careful preparation by a number of groups.  This building was a $24 
million fast-track project designed by William Rawn Associates, Architects, Inc. (chronicle.com, 
2009). The construction was overseen by Shawmut Design and Construction, the primary 
managers for the project. (wheelock.shawmut.com/team, 2007).  Construction of the Wheelock 
College Campus Center and Student Residence began in 2007 and lasted through 2009.  An 
attractive feature of the project is the manner in which the designers added significant usable 
space for students with the development of the campus center.  The existing site area prior to 
construction was approximately 25,700 square feet; whereas, the gross floor area of the finished 
building is 58,000 square feet spread over six stories.  The major addition of usable space for 
students is an important project element because it allowed Wheelock to maximize the use of its 
land area and expand, a vital practice in a congested urban area. 
2.1.2 Room Functionality   
The Wheelock College Campus Center and Student Residence has significant multi-
functional space.  The building serves as a student activity center, dining hall, and residential 
living space for the students (acupcc.aashe.org, 2010).  The first floor consists of a campus store, 
café, student organization offices, study space, and multi-purpose rooms; the second floor is a 
cafeteria; and the upper floors are devoted to suite-style dormitories equipped with living rooms 
and private bathrooms (wheelock.shawmut.com, 2007).  The residential floors consist of living 
accommodations for 108 students and provide students with “magnificent views of Boston” 
(chronicle.com, 2009).  The architectural and structural drawings of the Wheelock College 
Campus Center and Student Residence can be found in Appendices A and B of this report. 
2.1.3 Sustainable Design Enhancements 
A focus on sustainable design and earning LEED certification were major considerations 
in the development of the Wheelock College Campus Center and Student Residence.  The 
building received LEED Gold Certification in January of 2010 from the United States Green 
Building Council (USGBC) (acupcc.aashe.org, 2010).  Some of the initial strategies in the design 
and construction that helped the building become LEED certified included: having day-lit 
common areas, using low-flow fixtures, and implementing a monitored construction waste 
management program (greenengineer.com, 2007).  Other sustainable techniques that are 
currently used in the building include: the “purchase of green power, alternative transportation 
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initiatives, storm water control, water efficient landscaping, water efficiency, and controllability 
of systems” (acupcc.aashe.org, 2010).  
 The group plans to use portions of the Wheelock Campus Center and Student Residence 
as a model for the architectural layout and room functionality of our campus center design.  
Sustainability concerns will also be targeted in the design of our three-story campus center.  Our 
treatment of sustainability will be primarily centered on an investigation of alternatives for the 
design of a green roof in order to promote the ideals of sustainable building.  
2.2 Project Description 
 Many of the site and design considerations of the Wheelock College Campus Center and 
Student Residence will provide a basis for the project.  The critical background information 
necessary to understand and develop our design includes: the project site location, soil types and 
other external loadings, and room functionality and corresponding internal loadings. 
2.2.1 Location of Project Site 
 The proposed campus center will be located on a college campus in Boston, 
Massachusetts.  Boston is an urban setting and consists of a variety of different colleges. There 
exist a number of challenges that will need to be addressed with the design and construction of 
this facility that stem from the space limitations imposed by the urban location.  These foreseen 
challenges include a lack of available open space for design, high amounts of traffic congestion, 
and limited access for construction and delivery. 
2.2.2 Soil Types and External Loadings 
 The soil type and external loadings are dependent upon the location of the building. 
These pieces of information are critical because they influence the loadings that will be acting on 
the building that are considered during design.  Soil types and the bearing capacity are critical 
values for the design of footings and foundations. The soil bearing capacity that will be used for 
this project will be the same as the soil classification for Wheelock College. Refer to the 
geotechnical report conducted by McPhail Associates, Inc. for Wheelock College in Appendix C 
of this report. Based upon the Seismic Design Considerations section of the McPhail Associates 
report on Wheelock College (Page  6 of report), the soil type that will be considered is Type S2 
which is specified in the Massachusetts State Building Code. 
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The allowable bearing capacity of the footings will be 2.0 tons per square foot, as 
outlined by the McPhail Associates, Inc. Foundation Engineering Report (McPhail Associates, 
2007). The consideration of external loads is important for the design of the building frame. 
Given the building’s New England location the snow load is an important gravity load that must 
be considered.  The wind load will be the major faction that affects the design of the lateral force 
resisting system. Although it is expected that wind will be the determining factor earthquake 
base shear will be checked for comparison.  Design values for wind and earthquake load 
provisions will be found using ASCE 7-05 (American Society of Civil Engineers, 2005). 
2.2.3 Room Functionality and Internal Loadings 
The design live loads within the building are dependent on room functionality. A three-
dimensional model of the structural frame will be created using REVIT Structural, a program 
that allows for visualization of member locations (Autodesk Revit Structure, 2006).   
The Campus Center has a variety of functional areas over the three floors including bathrooms, 
eating areas, study areas, offices, meeting rooms, and others.  The loadings based on anticipated 
room functionality for the various floors are summarized in the following table. The values were 
obtained from the 2007 edition of ASCE 7-05. 
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 The loading for each floor location will be used in conjunction with the areas they affect 
to determine the design forces to which the structural members are subjected.  The members will 
be broken down into different groups of similar loading areas, and each group will then be 
designed based upon the load bearing capacity they require.  This method of grouping members 
will facilitate design and create less potential for mistakes during construction by limiting the 
number of different beam sizes required. Although there may be beams throughout the building 
that are over designed, the advantages in design and efficient construction will compensate for 
this. 
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2.3 Green Roofs 
Today, design does not refer strictly to the functionality of a building itself, but also 
encompasses how the building will interact with its surroundings and the environment.  This 
broader consideration has resulted in the increasing popularity of green roofs in the United States 
as a sustainable design option because of the many environmental benefits they provide.  A green 
roof is classified as a “vegetated roof cover, with growing media and plants taking the place of 
bare membrane, gravel ballast, shingles, or tiles” (greenroofs.com/Green roofs101/faqs.htm).  
Benefits of having a green roof include the reduction of heating/cooling costs, less noise 
pollution, a decrease in storm water runoff, and a decline in the heat island effect in urban areas.  
These benefits have sparked a considerable amount of interest in the construction of green roofs, 
and major American corporations like Ford Motor Co. and H.J. Heinz Co. have installed green 
roofs on their factory roofs, which can span many thousands of square  feet (green 
roofs.com/pdfs/newslinks-803_construction_specifier.pdf).  
2.3.1 Types of Green Roofs 
Green roofs are classified into one of two categories: Intensive or Extensive. A comparison of 
the two is laid out in Figure 1 below. 
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2.3.2 Extensive Green Roofs 
Extensive green roofs, or eco roofs or low profile roofs, consist of thinner and fewer 
layers, which makes them less expensive and require lower maintenance costs.  The roofs can be 
pitched up to 30 degrees although greater slopes can be accomplished with the proper soil 
retention systems.  Typically extensive green roofs contain only a few of the plant species that 
require shallower planting media.  These species are mostly alpine type plants that can survive in 
high winds, high drought and high frost condition and have heat tolerance.  Alpine species 
include grasses, mosses, and flowering herbs.  Soil media depth for these species ranges from 
2.5” to 6”, a relatively thin layer, which in turn reduces the overall weight of the green roof while 
still maximizing thermal and hydrological performance and aesthetic value.  When fully 
saturated, the overall weight ranges from 10-50 lbs/ sq. ft and costs typically range between $14-
$25/sq. ft.  Most extensive green roof systems contain soil composed of 70%-80% inorganic 
material which helps with aeration and drainage, while the 20%-30% organic materials help 
promote healthy plant life (greenroofs.com/Green roofs101/faqs.htm, 2010).  For the first year 
extensive green roofs need to be watered and maintained, but after this period they are relatively 
maintenance free compared to intensive green roofs. Below is a cross sectional diagram of a 
typical extensive green roof. 
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2.3.3 Intensive Green Roofs 
 Intensive green roofs, or rooftop gardens, typically have a much higher profile and 
greater variety of plant species than extensive green roofs.  In addition to a variety of plant 
species intensive green roofs can have waterfalls, ponds, and medium-sized trees which can add 
to the complexity of the roof.  With this added complexity comes additional costs and design of 
the roof support system.  The cost of basic intensive roof gardens begin at $25-40 per square foot 
but with more amenities comes added cost and the final cost can be very expensive.  The roof 
loading of a fully saturated intensive roof can range from 80 to120 pounds per square foot 
(greenroofs.com/Green roofs101/faqs.htm, 2010).  The increase in weight is due to the added 
weight from the thicker soil media which is 8”-12” but can reach several feet, the weight of the 
water in ponds and waterfalls, and the weight of the larger plant species. Another factor that can 
affect the loading  is whether or not the roof is walkable.  Walkable roofs must take the added 
weight of people into account which can add dozens of pounds per square feet.  In Figure 3 
below depicts a cross section of an intensive green roof. 
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2.3.4 Benefits of Green Roofs 
 Numerous studies have shown that in addition to the aesthetic value of green roofs, there 
are also many environmental, social, and economic advantages to their implementation.  These 
advantages range from the reduction of heating/cooling cost to reduction of storm water runoff.  
These advantages have prompted many urban cities are starting to build more green roofs and 
reap the benefits that they have to offer. 
2.3.5 Storm-Water Runoff 
 During heavy rains in urban areas the drainage systems might overflow and cause 
combined sewer systems to discharge in to rivers and lakes.  Part of this problem comes from 
conventional flat roofs that simply dump the rain runoff into gutters or the streets.  Studies have 
shown that by having a green roof the storm water runoff can be collected or dissipated through a 
longer period so the city drainage systems are not overwhelmed 
(caliber.ucpress.net/doi/pdf/10.1641/B571005).  The differences between green roofs and 
conventional roofs are illustrated in the chart below which shows data from a test plot in Ottawa, 
Ontario, Canada in 2002. 
 
 
 
189 
 
Values are sums of total runoff retained. The green roof had 15 centimeters of growing 
medium and was planted with lawn grasses (Liu and Baskaran 2003); it was compared with an 
adjacent conventional roof of the same size (caliber.ucpress.net, 2007).  The chart shows that 
with conventional roofs the runoff is much higher compared to green roofs, which can absorb 
more of the rainwater for a longer period of time.  In temperate climates and in the hot-humid 
tropics the actual number can reach far beyond these estimates (caliber.ucpress.net, 2007). 
2.3.6 Reduction of Heating/Cooling cost 
 One of the largest benefits that green roofs provide is a reduction in a building’s 
heating/cooling costs.  Depending on the thickness and composition of a particular green roof, 
the amount of heat flow through the roof can be significantly reduced when compared to a 
conventional roof.  In the summer months cooling is reduced by physical shadings, increased 
insulation, and increased thermal mass.  In one study, during peak demand the cooling load was 
reduced by 10% for the entire building.  This large drop was due to a significant decrease in heat 
flow from the roof to the rooms directly below the roof (greenroofs.org, 2006).  
Figure 5 below illustrates the reduction of heat flow from conventional roofs to two different 
types of green roofs measured during one study. 
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In this study, green roofs were installed in late July 2002. Green roof A has 10 cm of 
light-colored growing medium; green roof B has 7.5 cm of dark-colored growing medium. Both 
were installed in Toronto. Abbreviations: AI, after installation; BI, before installation; kWh, 
kilowatt-hour; W, watt. Graphs are redrawn from Liu and Minor (2005) (caliber.ucpress.net, 
2007). 
With all this new research contributed to the performance of green roofs, we wanted to 
know how a green roof would change the design of our campus center.  Extra consideration 
would have to be put into the beam sizes due to the added load, and the possibility of additional 
beams which would increase the cost of the campus center.  Would this added cost to the support 
the green roof, in addition to the maintenance costs for the roof planting be more than the saving 
it could provide through the reduction of heat transfer?  Or could the aesthetic and social aspects 
of a green roof on an urban campus contribute more than the costs? We plan to address these 
questions through our design and cost estimation. 
2.4 Fire Protection 
Fire Protection is the study and practice of mitigating the unwanted effects of fires.  
Every year college students and tertiary institutions face a growing number of fire-related 
emergencies.  “The United States’ mortality rate from fires related events ranks seventh among 
the 25 developed countries for which statistics are available.” (genevaassociation.org, 2007). 
Protecting the safety and welfare of people is the primary focus of fire protection in these 
settings.  The fire-safety objectives of a college campus can be simplified as a system dedicated 
to the protection of people and property and continuity of facilities operations. Multiple codes 
require engineers to actively consider the safety of occupants within the building. The fire safety 
concepts tree from the National Fire Protection Association (NFPA), shown below in Figure 6, 
outlines the relationships between fire prevention and fire control strategies. 
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The fire safety concepts tree divides the strategies for achieving fire safety objectives into 
two categories: prevent fire ignition and manage the fire impact.  The prevention of fire ignition 
represents the effectiveness of the fire codes during the structure’s construction and the 
monitoring and upkeep of the systems installed.  It is important to properly design the structure 
in accordance with the NFPA codes and standards and the International Building Code (IBC), 
which will be the code of record for this design. Managing the fire impact is crucial because the 
time and location of fire ignition is impossible to predict.  Therefore, being prepared to manage 
any fire is important in providing a safe environment for the building as a whole.  
The fires on the campuses of Wesley College in Dover, Delaware and Longwood College 
in Farmville, Virginia are examples of failure of multiple aspects of the fire safely concepts tree.  
The fires on these campuses resulted in one fatality and injured a total of nineteen people.  The 
lack of fire awareness, equipment failure, and lack of necessary equipment were the reasons for 
damages in property and human life. (cdc.gov/HomeandRecreationalSafety/Fire-Prevention, 
2010). 
On April 28, 1987, in the Frazer Dormitory of Longwood College, a fire occurred which 
resulted in the injuries of fifteen students.  The cause of the fire was an overloaded circuit and 
the injuries could have been easily avoided if the following voidable issues did not arise: 
Malfunction of Smoke Detectors 
Alarm System Failure 
Lack of Sprinklers 
Delayed Evacuation 
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Delayed Fire Department Notification 
Lack of Self-Closing Room Doors 
The abundance of issues could have easily been prevented if the fire protection systems 
were properly installed and regularly maintained.  This fire is yet another example of the 
importance of structural aspects of a building because without the self-closing doors the smoke 
spread rapidly throughout the building.  The installations of a sprinkler suppression system could 
have easily managed the fire from growing out of control to become very damaging.  The fire 
protection objectives create safer environments and allow buildings to withstand and prevent 
devastating losses (cdc.gov/HomeandRecreationalSafety/Fire-Prevention, 2010). 
Fire Protection is a profession that is based on the compliance to codes such as the NFPA 
and International Code Council. Currently, there are efforts to develop code alternatives for 
green buildings.  The International Green Construction Code is currently under development, but 
it will not address the potential fire and life safety issues.  This is because it is difficult to 
develop the fire protection codes for green roofs in such a way that the codes do not stifle the 
green building design process.  Fire protection engineering focuses on addressing fire protection 
and life safety performance on a case-by-case basis. However, due to the difficulty in applying 
codes to green roofs, we will investigate several fire protection options to protect against any 
potential fire hazards, such as droughts, that may arise. (http://www.fpemag.com/articles, 2010) 
2.5  Related Structural Schemes 
 The structural design and analysis of a building incorporates a variety of elements 
including: beams, girders, columns, lateral force resisting systems, connections, and foundations. 
The loads applied to each floor are transferred by a decking system to beams which then frame 
into the girders on each floor.  The girders are connected on each floor to columns, whose job is 
to transfer the loads to the foundations where the forces are ultimately dissipated into the 
surrounding soil or rock.  The purpose of the lateral force resisting system (LFRS) is to absorb 
lateral loads and, without any aspect of structural failure, transmit them to the ground as well.  
The natural progression of forces through the structure will form the basis for the order of 
structural design and analysis followed over the course of this project. 
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2.5.1 Composite Construction  
Composite beam-slab construction is a load bearing system in which a concrete slab is 
supported by a steel beam with a transfer of shear between the two through steel studs.  This 
transfer of shear allows the two materials to act as one unit to support loads, thus best utilizing 
the favorable properties of each material.  Steel is best in tension and concrete is best in 
compression so each is placed in the place where, under the expected bending, they will be under 
these forces.  Additional advantages of composite construction include a greatly increased 
resistance to bending and deflection and a better ability to handle overload (McCormac, 2008). 
Full composite construction is defined as composite construction where the section of the 
composite member that is in compression is located solely in the concrete slab and the tension 
section is fully located within the steel.  The difference in direction of the internal forces in the 
two elements causes a large shearing force where they meet that must be carried by the studs.  
The larger this force is, the more studs are required. 
In most cases, the determining factor for selecting the size of the steel member in a 
composite beam is not the bending or shear capacity. But, this means that the full bending 
strength of the steel is not being utilized in full composite construction.  By using fewer studs the 
engineer can lessen the shear transfer between the two, thus lowering the neutral axis into the 
steel member.  This is referred to as partial composite construction.  When this occurs the steel is 
now carrying some of the compression, as well as all of the tension and is closer to behaving as a 
bending member.  Although the steel is under more stress it is still well within its limits, and the 
designer has made the composite section more economical by lessening the material and 
installation cost of the studs. 
2.5.2 Lateral Force Resisting Systems 
Apart from designing a structural frame to resist gravity loads an engineer must also take 
lateral loads into account, such as wind and earthquakes.  There are different options that can be 
investigated to achieve this but the core principal centers upon a Lateral Force Resisting System 
(LFRS) whose job is to adequately brace the building against lateral loads.  Because the building 
will act as a unit when facing lateral loads the LFRS does not need to encompass the entire 
building like a gravity system does.  Rather, it is usually a frame or two in each direction of the 
building that are located towards the building’s centerline. 
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Gravity systems center on the transfer of weight from beams to girders to columns to the 
ground.  The job of a lateral system is to take a sideways load and transfer it to the ground 
through the connections and the columns.  This can be accomplished with either a braced frame 
or a rigid frame.  In the braced frame the connections are assumed to be pin connected.  Each 
section of a frame created by two beams and two girders is then braced with two diagonal steel 
members which connect opposite corners, as shown in Figure 7.  When the building is subjected 
to a lateral loads the shear and bending in the structure is transferred into tension in the bracing 
elements, and then makes its way to the ground through the columns.  In a rigid frame the 
connections between the girders and columns are designed in such a way that they are fixed.  The 
braced frame relies on the flexural resistance of girders and columns, but in a rigid frame there 
are bending deformations in the members.  
 
2.5.3 Load Bearing Truss Systems 
The structural necessity of load bearing columns can lead to difficult architectural 
scenarios.  Columns will limit the amount of open space that the designer has to work with and 
can make it impossible to create large open areas such as ballrooms, gymnasiums, or meeting 
rooms.   
For hundreds of years structural engineers have utilized trusses to span long distances and 
support large amounts of weight.  The specific combination of triangles and tetrahedrons in 
space trusses create a very efficient load bearing structural system.  When used in the correct 
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way a truss system can act as a “bridge” within a building.  The depth of the truss can cover an 
entire floor of the structure and span the building’s width.  Although this type of system puts 
limits on the functionality of the floor the truss is located on, it allows the designer to eliminate 
many of the load bearing columns on the floor below and thus create a very large, open area on 
the lower floors of a building.  An example of a truss system used for a floor system is shown 
below in Figure 8. 
 
2.5.4 Steel Design Resources 
There are several reference books that have information essential to the structural design 
of a steel structure.  The first of these is the ASCE 7-05.  This codebook contains all of the 
necessary gravity and lateral loading information to determine what forces the members are 
under.  The indoor gravity loads are tabulated based upon room function and occupancy loading.  
The exterior gravity loads and lateral loads are weather related and are thus calculated based 
upon the location of the building. 
Another reference is the AISC Steel Construction Manual.  This contains a variety of 
information about steel beams and columns.  This information includes cross sectional area 
properties and material properties for all feasible shapes and sizes of steel members that will be 
used during the design process. 
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3.0 Scope of Work 
This project will investigate numerous topics within the structural design discipline, 
including the design of beams, girders, columns, connections, and footings. Initially, the team 
will develop a feasible architectural floor plan for the entire three-story campus center. The floor 
plan will serve as a base for the structural design of the campus center and the investigation of 
two alternative structural schemes. The team will consider steel to be the primary building 
material of the framework of the building. The team will perform a construction cost estimate for 
the structural elements of each alternative for design. After the initial design and study of 
alternative frames for the three-story campus center, the group will perform additional analysis 
on the building. These topics include a new structural design in which three additional stories of 
residential living area are added to the campus center, an investigation of some fire protection 
requirements for the three-story campus center, an analysis of the addition of a green roof to the 
design, and the creation of a construction schedule and estimate for the construction of this 
facility. These activities involved in these additional components will enhance the base structural 
design of the campus center and will also help satisfy the Capstone Design requirements of the 
project.  
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4.0 Capstone Design 
In this Major Qualifying Project, the project team will be responsible for designing a 
three story college campus center in Boston, Massachusetts that is structurally sound, cost 
effective, environmentally friendly, and equipped with a fire protection system.  By fulfilling 
these goals the MQP will satisfy the requirements necessary for Capstone Design.  The project 
team will also examine possible design alternatives and design an additional three stories on top 
of the original campus center that would act as residential halls.  All structural designs and 
construction schemes will be developed using the ASIC Steel Manual and the International 
Building Code. The challenges the project team will face involve the realistic constraints that 
include issues involving economics, the environment, constructability, ethics, health and safety, 
and social and political implications.  
Economic 
A cost estimate will be provided for each element of the construction processes including site 
work, structure, exterior finishes, and all interior trades 
The most cost efficient scenario will be discovered from the various alternatives 
The economic advantages of constructing a residential hall above the campus center will be 
investigated 
Environmental 
A green roof will be designed to make the building more environmentally friendly 
The project team will investigate how the weather, location, and the terrain affects the project 
Constructability 
The project team will develop several design scenarios: composite and non-composite 
construction, various beam and bay sizes, rigid and braced frames, and Open Web Joist 
construction 
The project team will be aware of the constructability of structural and fire protection aspects 
from a project management point of view 
Ethics 
The project team will ensure the appropriate codes will be incorporated and the design will 
follow established standards 
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Health and Safety 
The campus center will be designed with fire protection systems and fire protection methods will 
be taken into account when designing the structural 
Compliance with the building code for both the structure and fire protection systems 
Social 
The social implications of a campus center at a “commuter” school  
The uses of the building and the impacts that it will have on the surrounding community 
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5.0 Methodology 
 The methodology that will be followed to complete the identified scope of work is 
described in this section.  The steps necessary to complete the major tasks incorporate the use of 
various resources, such as architectural and structural analysis software and building and fire 
codes.  The following table summarizes the steps that will be taken to complete this project. 
Please refer to Appendix 10.4 for a more detailed version of this chart. 
 
Task Plan of Action Resources 
Design of three-story campus center 
REVIT introduction Work through REVIT tutorial REVIT 
REVIT model of building with 
alternatives 
Input architectural layout and dimensions  into 
REVIT 
REVIT 
Determine room functionality 
and spatial layout 
Research architectural standards to determine 
feasible room purposes and dimensions 
Architectural Graphics 
Standards 
Determine loadings for 
structural analysis 
Use building codes to determine the loadings for 
each room functionality 
  
RISA structural analysis 
Enter building frame and loading into RISA, 
perform analysis for gravity and lateral loads 
RISA 
Design beams, girders, 
columns, connections, and 
footings for each alternative 
Create spreadsheets for repetitive calculations 
and prepare appropriate design tables and 
drawings 
RISA, Microsoft Excel, 
AutoCAD, AISC Manual, 
Steel Design notes 
Structural cost estimate for 
each alternative 
Estimate the cost of the structural design using 
unit steel and stud prices found in RS Means 
RS Means 
Structural design review Group effort with all members   
Put together structural design 
drawings, tables, and cost 
estimate for submission 
Group effort with all members - prepare 
submittal 
  
Design campus center with additional three stories of residential living space 
REVIT model of building with 
additional stories 
Add three additional stories of residential spaces 
to the REVIT model that was created for the 
campus center 
REVIT 
RISA structural analysis of 
six-story campus 
center/residential housing 
building  
Enter six-story building frame with appropriate 
loadings for residential living areas into RISA 
RISA 
Design beams, girders, 
columns, connections, and 
footings for residential housing 
stories and campus center 
Use previous spreadsheets for repetitive 
calculations and prepare appropriate design 
tables and drawings 
RISA, Microsoft Excel, 
AutoCAD, AISC Manual, 
Steel Design notes 
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Structural cost estimate for 
design of six-story building 
Estimate the cost of the structural design using 
unit steel prices found in RS Means 
RS Means 
Structural design review Group effort with all members   
Put together structural design 
drawings, tables, and cost 
estimate for submission 
Group effort with all members - prepare 
submittal 
  
Fire protection requirements for three-story campus center and green roof 
Determine applicable fire 
protection topics for the 
project 
Review Fire Protection codes to determine 
which specifications will be addressed with the 
project 
Fire Codes 
Determine Fire protection 
requirements and design fire 
systems 
Determine occupancy loads, sprinkler system 
requirements (piping and locating sprinkler 
heads), and means of egress (means of egress 
were taken into account during architectural 
design) 
Fire Codes, Microsoft 
Word and Excel, AutoCAD 
Cost estimate for fire 
protection design 
Refer to RS Means for costs of certain fire 
systems and provide a total cost for fire 
protection 
Microsoft Word and Excel 
Fire protection review 
Group Activity - prepare fire protection 
requirements and design submittal 
  
Green Roof 
Investigation of options for green roof fire 
protection 
Internet Sources, FPE Dept. 
Professors 
Construction schedule and detailed construction cost estimate for three-story campus center 
Develop a list of necessary 
activities to include in the 
construction schedule 
Research major activities associated with 
campus center construction 
  
Develop construction schedule  
Organize the determined construction activities 
in sequential order and assign approximate time 
durations 
PRIMAVERA 
Perform cost estimate for shell, 
site work, interiors, equipment, 
and utilities 
 Use RS Means to find typical costs for 
construction tasks 
There will be a chart created with each element, 
how its cost will be determined, and the cost per 
unit 
Microsoft Excel, RS Means 
Review project schedule and 
cost estimate 
Group Activity - prepare construction schedule 
and estimate for submission 
PRIMAVERA, Microsoft 
Word and Excel 
Investigation of green roof addition 
Select alternatives for a green 
roof design 
Refer to background section in proposal on 
green roofs 
Green roof literature 
Examine environmental , 
heating, social, structural, and 
economic implications  
Research East Hall green roof design and talk 
with Professor LePage 
Professor LePage 
Select most feasible green roof 
design for the building 
Make decision based on background 
information and other implications, such as cost 
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6.0 Deliverables 
 By following the proposed methodology, the group plans to create a number of 
deliverables for this project.  These deliverables will be shown as the results of the project within 
the final report.  
Design of three-story campus center 
Architectural floor design 
REVIT model of three-story campus center 
Room functionalities and loadings 
Structural design 
RISA structural analysis 
Beam design 
Column design 
Design of connections 
Footing design 
Cost estimation 
Cost analysis for alternative gravity load supporting systems 
Rigid frame 
Braced Frame for LRFD 
Truss design 
Partial composite vs. full composite 
Equipment 
Site work 
Utilities 
Fire protection 
Construction schedule 
Activity list for construction 
Construction network 
Construction schedule bar chart 
Green Roofs 
Green roof alternatives 
Green roof implications 
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Environmental 
Heat/cooling 
Structural 
Social 
Fire Protection Design 
Fire protection requirements 
Determine applicable fire codes for three-story campus center 
Design fire systems 
Sprinkler system 
Green roof protection 
Campus center with additional three stories of residential living space 
Architectural floor design 
REVIT model  of additional residential space 
Room functionalities and loadings 
Structural design 
Beam design 
Column design 
Design of connections 
Footing design 
Combined six-story RISA analysis 
Cost estimation 
Gravity load supporting systems 
Rigid frame 
Braced Frame for LRFD 
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7.0 Conclusions 
 This project is intended to demonstrate the group’s knowledge of the civil engineering 
discipline while also dealing with a real world engineering application.  The activities involved 
in this project will allow each team member to gain experience working within a group setting to 
fulfill a common goal and present the opportunity to demonstrate the civil engineering 
knowledge that has been obtained from the WPI curriculum.  It also allows for independent 
learning of topics not fully addressed in the group’s course work. The project will be an 
educational experience as well as provide valuable practice as group members move on in their 
careers as civil engineers.  The project team anticipates constraints and issues that may arise with 
this project and plans to adapt accordingly under our own experience in the structural 
engineering discipline and with the guidance of our project advisor. 
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8.0 Schedule 
 Research and design for this project will take place during A, B, and C terms of the WPI 
academic calendar.  Work will begin in the last week of August 2010 and end in the first week of 
March 2011.  The work will be evenly distributed among this time frame to ensure that the 
project is completed in an efficient manner.  Figure 9, on the following page summarizes the 
schedule that will be followed to complete this project. 
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Appendix B: Wheelock College Architectural Floor Plans 
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Appendix C: Wheelock College Structural Floor Plans 
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Appendix D: Wheelock College Geotechnical Report 
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Appendix E: Exterior Gravity and Horizontal Loadings  
 
Snow Loading 
    
Factor Name Value 
Supporting Table and/or 
Figure 
Important Assumption(s) 
Ce Exposure Factor 0.9 Table 7-2 Fully exposed  
Ct Thermal Factor 1 Table 7-3 Normal thermal conditions 
I Importance Factor 1.1 Table 7-4 
Category III Building - Table 
1-1 
pg Ground Snow Load 40 Table 7-1 and Figure 7-1 Massachusetts area 
pg Snow Load (psf) 27.72     
     Wind Loading 
    
Factor Name Value 
Supporting Table and/or 
Figure 
Important Assumption(s) 
λ 
Exposure 
Adjustment 
Coefficient 
1.08 Figure 6-2 
Exposure B, Mean roof 
height between 35  ft and 
40 ft 
Kzt Topographic Factor 1 Figure 6-4 Flat ground 
I Importance Factor 1.15 Table 6-1 Category III Building 
ps30 (psf) 
Simplified Design 
Wind Pressure 
15.9 Figure 6-2 
100 mph wind, Exposure 
Category B 
ps Wind Load (psf) 19.75     
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Earthquake 
Load 
    
Factor Name Value 
Supporting Table and/or 
Figure 
Important Assumption(s) 
W 
Effective Seismic 
Weight (k) 
6102.8
75 
Section 12.8.1.1 
Dead load + 25% of live load 
of storage areas 
Fa 
Short-Period Site 
Coefficient 
1 Table 11.4-1 Site Class B, Ss < 0.25  
Ss 
Mapped MCE, 
Response 
Acceleration  
0.15 Table 11.4-1 Maximum value 
SMS 
MCE, Response 
Acceleration Factor 
at Short Periods 
Adjusted for Site  
0.15 Equation 11.4-1 Calculated value 
SDS 
Response 
Modification Factor 
0.1 Equation 11.4-3 Calculated value 
R 
Component 
Response 
Modification Factor 
3.5 Table 12.2-1 
Moment resisting frame, 
Ordinary steel moment 
frame 
I Importance Factor 1.25 Table 11.5-1 Occupancy Category B 
Ct   0.028 Table 12.8-2   
hn (ft) Height of Building 36     
x   0.8 Table 12.8-2   
T 
Fundamental Period 
of Structure 
0.492 Equation 12.8-7 Calculated value 
TL 
Long Period 
Transition Period 
6 Figure 22-15 New England region 
S1 
Mapped Max 
Considered EQ 
Spectral Response 
Acceleration  
0.07 Figure 22-2 New England region 
Fv   1 Table 11.4-2 Class B, S1 < 0.1 
SM1   0.07 Equation 11.4-2 Calculated value 
SD1   0.047 Equation 11.4-4 Calculated value 
CS Seismic Design Force 0.0357 Equation 12.8-2 Calculated value 
Upper Cs Upper Bound 0.0339 Equation 12.8-3 T < TL 
Lower  Cs Lower Bound 0.01 Equation 12.8-4 S1 < 0.6g 
V 
Seismic Base Shear 
(k) 
206.6 Equation 12.8-1 Calculated value 
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Appendix F: Beam Design Spreadsheet 
 
Below is a table of all of the sheets found in the beam design spreadsheet.  On the following four pages are 
examples of some of the sheets that were used to calculate the beam sizes.  The first page is the sheet 
where the results were compiled and the second to fourth pages contain an example sheet with all 
necessary calculations and checks for composite beam design and stud selection. 
List of Sheets Found In the Spreadsheet: 
Results-Seen on page two of Appendix F, this sheet is a compilation of all of the different loading and span 
combinations.  The loads and spans would be input into the corresponding sheet below.  The below sheets 
would then be used to calculate the necessary beam sizes and stud information.  This information would 
then be automatically input back into the first sheet where the results are located.  Also on this sheet is a 
summary of the governing factors for each loading condition. 
30’ Span, 100 psf-Seen on pages 2-4 of Appendix F.  On the first page of the sheet is the loading 
information followed by the required Z value.  This Z value is used to select the initial beam size, which is 
located along with all of the necessary properties below this.  The last part of page two of the spreadsheet 
is the moment, FLB, WLB, and LTB checks for in-construction loading.  On the second of three pages for 
this sheet there are the shear and deflection checks for construction, as well as the moment, shear, and 
deflection tests for in-service loading.  Also on the second page is the calculation of the number of studs 
required for full composite construction, as well as the beginning of the partial composite construction 
calculations. The final page shows the completion of the partial composite adequacy checks, as well as a 
re-calculation of the number of studs required now that the member was partial composite. 
If at any time during the in service and in construction adequacy checks a test was failed, the entire process 
was started over with a large member and this process was repeated until a member was found that passed 
all of the necessary adequacy checks. 
30’ span, 50 psf, 20’ span, 100 psf, 30’ span, 250 psf, 30’ span, 80 psf, 30’ span, 125 psf, 30’ span, 105 
psf, 30’ span, roof, 20’ span, roof: These sheets (not pictured below) perform the same function as “30’ 
Span, 100 psf” except they are for the other remaining beams in the building. 
 
Note: Yellow cells represent a piece of information that must be manually input, the blue cells represent 
in-construction adequacy checks that must be satisfied, and the green boxes represent in-service adequacy 
checks that must be satisfied. 
 
Note: The beam designs for the final seven sheets were all completed in the same manner as that for the 
second sheet and their results were input back into the results sheet shown on the following page. 
All information that was taken from the Steel Manual is referenced by table number within the spreadsheet 
next to the box where it was input. 
228 
 
 
229 
 
 
230 
 
 
231 
 
232 
 
Appendix G: Girder Design Spreadsheet 
 
Below is a table of all of the sheets found in the girder design spreadsheet.  On the following four pages 
are examples of some of the sheets that were used to calculate the girder sizes.  The first page is the page 
where the results were compiled and the second to fourth pages contain an example sheet with all 
necessary calculations and checks for composite girder design and stud selection. 
List of Sheets Found In the Spreadsheet: 
Results-Seen on page two of Appendix G.  This sheet was a compilation of all of the different loadings, 
supported beams, and girder spans.  The loads and spans were input into the corresponding sheets below.  
The below sheets would then be used to calculate the necessary beam sizes and stud information.  These 
would then be automatically input back into the first sheet where the results are located.  Also on this sheet 
is a summary of the liming factor for each loading condition.  The sheet corresponding to a given row is 
based upon the number in the second column labeled sheet #.  The loading information and the 31 different 
sets of conditions were determined based upon the girder groupings that are laid out in Chapter 4 of this 
report. 
1-Seen on pages 2-4 of Appendix G.  On the first page of the sheet is the loading information for in service 
and in construction followed by the required I value.  This I value is used to select the initial girder size, 
which is located along with all of the necessary properties below this.  It was chosen that the I value would 
the initial necessary value calculated because the majority of the time the limiting factor in girder design is 
deflection.  Based upon the I value a girder size is selected and the necessary information is input to the 
spread sheet.  On the second of three pages for this sheet there are the deflection, moment, shear, FLB, and 
WLB adequacy tests for in construction loading.  Also on this sheet is the moment, deflection, and shear 
checks for in service.  Also on the second page is the beginning of calculation of the number of studs 
required for full composite construction.  The third page contains the remainder of stud selection for full 
composite construction, as well as the partial composite construction calculations and the re-calculation of 
the number of studs required now that the member was partial composite. 
If at any time during the in-service and in-construction adequacy checks a test was failed, the entire 
process was started over with a large member and this process was repeated until a member was found that 
passed all of the necessary adequacy checks. 
Sheets 2 through 31-The remaining 30 sheets contain the calculations for the design of the beam sizes and 
number of studs for the other girder loading and span conditions.  The design for these girders was 
completed in the same manner as that laid out in sheet 1. 
 
Note: Yellow cells represent a piece of information that must be manually input, the blue cells represent 
in-construction adequacy checks that must be satisfied, and the green boxes represent in-service adequacy 
checks that must be satisfied. 
 
All information that was taken from the Steel Manual is referenced by table number within the spreadsheet 
next to the box where it was input. 
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Appendix H: Column Design Spreadsheet 
 
Below is a table of all of the sheets found in the column design spreadsheet.  On the following five pages 
are examples of some of the sheets that were used to calculate the column sizes.  The first page is the page 
where the results were compiled, the second page contains the loading information, the third page contains 
the girder groupings, and the final two page contain an example of how the column size was determined.  
The column sizes were chosen based solely on axial loads; the lateral forces that the building was 
subjected to were not taken into account at this stage in the design. 
Column sizes were calculated for the first floor and then applied to all three floors.  This method of design 
makes the construction process more economic because connections between columns become easier and 
there are less different sizes on the job site.  However, the first floor columns must support the weight of 
all materials and loadings from the roof and the second and third floors which are all tabulated on the 
loadings sheet. 
List of Sheets Found In the Spreadsheet: 
Results-Seen on page one of Appendix H.  This sheet contains the seven column groups (determined on 
sheet three below) and their corresponding heights, as well as the designed member size, the applied axial 
load, and the axial strength of the member.  The final three inputs for each row were automatically taken 
from sheets one through seven after the beam size design was completed. 
Loadings- Seen on page two of Appendix H.  The purpose of this sheet is to calculate the total factored 
axial load for each column in the building.  This load is based upon the beams, girders, concrete+decking, 
and live load from the roof, floor three, and floor two. The live and the dead loads are tabulated for each 
column in the highlighted columns and are then factored to arrive upon the final factored axial load Pu for 
each column.  These values were then input to a plan view of the building so that girder groupings could 
be determined.  This diagram is shown on the following sheet. 
Groupings-Seen on page three of Appendix H.  The purpose of girder groupings is to put girders with 
similar axial loads in groups, design a group based upon the most critical of the loads found in that group, 
and then apply that load to all columns in the group.  The loads were taken from the previous sheet and 
input to the diagram which was then color coded to show the different groups. 
One-Seen on page four and five of Appendix H.  This sheet is an example of how the columns were 
designed to support the necessary axial loads.  The loads were taken from the loadings spreadsheet and 
were based upon the most critical values for each group.  Then the required cross-sectional area was 
calculated and a member was chosen.  The member information was then input manually into the spread 
sheet and adequacy checks for buckling and bearing capacity were done before the member chosen was 
determined to be adequate. 
If at any time during the adequacy checks a test was failed, the entire process was started over with a large 
member and this process was repeated until a member was found that passed all of the necessary adequacy 
checks. 
Two through Seven-These designed the remaining columns using the same methods described for sheet 
one and laid out in the following pages. 
Note: Yellow cells represent a piece of information that must be manually input and the blue cells 
represent the adequacy check that had to be satisfied.  All information that was taken from the Steel 
Manual is referenced by table number within the spreadsheet next to the box where it was input. 
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Appendix I: Connection Design Spreadsheet 
 
Below is a table of the sheets found in the connection design spreadsheet.  On the following four pages 
are examples of some of the sheets that were used to calculate the beam sizes.  The first page is the sheet 
where the results were compiled and the second to fourth pages contain an example sheet with all 
necessary calculations and checks for connection design. 
List of Sheets Found In the Spreadsheet: 
Results-Seen on page two of Appendix I.  This spreadsheet was a compilation of all of the different 
loading and span combinations.  The loads and spans would be input into the corresponding sheet below.  
The below sheets would then be used to calculate the necessary beam sizes and stud information.  This 
information would then be automatically input back into the first sheet where the results are located.  Also 
on this sheet is a summary of the governing factors for each loading condition. 
1-Seen on pages 2-4 of Appendix I.  At the beginning of design the loads to be carried and the initial 
connection parameters were input.  Then a series of adequacy tests were completed to determine the 
number of bolts needed to carry the shear and the necessary length of the angle.  These tests were; 
shearing in the beam, shearing in the girder, shearing on the bolts, bolt bearing on angle, bolt bearing on 
beam web, shear failure capacity of angle, shear yield capacity of angle, block shear, and bearing on the 
supporting member.  Once these were completed the number of studs was determined and all of the 
necessary information was input back onto the results page. 
2 through 4-These sheets contain the calculations to design the final three connections.  The first 
connection was a single angle connection between a beam and a girder, the second connection was a 
single angle connection between a beam and a girder and the final two connections were double angle 
connections between girders and columns.  The methods used for the design of the final three connections 
were very similar to the ones lain out in sheet 1. 
 
Note: Yellow cells represent a piece of information that must be manually input and the blue cells 
represent adequacy checks that must be satisfied. 
 
All information that was taken from the Steel Manual is referenced by table number within the 
spreadsheet next to the box where it was input. 
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Appendix J: Lateral Frame Analysis Loads 
 
Wind Load 
  
   Building Level N-S Left Frame Wind Force (k) N-S Right Frame Wind Force (k) 
Roof 14.22 14.22 
3rd Floor 28.44 28.44 
2nd Floor 42.66 42.66 
Total Force on Both Frames (k) 170.64 
   Building Level E-W Top Frame Wind Force (k) E-W Bottom Frame Wind Force (k) 
Roof 9.48 9.48 
3rd Floor 18.96 18.96 
2nd Floor 28.44 28.44 
Total Force on Both Frames (k) 113.76 
   Earthquake Load 
  
   Building Level N-S Left Frame EQ Force (k) N-S Right Frame EQ Force (k) 
Roof 33.77 33.77 
3rd Floor 33.77 33.77 
2nd Floor 33.77 33.77 
Total Force on Both Frames (k) 206.6 
   Building Level E-W Top Frame EQ Force (k) E-W Bottom Frame EQ Force (k) 
Roof 33.77 33.77 
3rd Floor 33.77 33.77 
2nd Floor 33.77 33.77 
Total Force on Both Frames (k) 206.6 
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Appendix K: Lateral Force Resisting System Design Spreadsheet 
 
Below is a table of all of the sheets found in the LFRS design spreadsheet.  On the following eighteen 
pages, the full method of the design of the lateral force resisting frames is described.   
List of Sheets Found In the Spreadsheet: 
Naming Convention-Seen on page three of Appendix K.  The purpose of this sheet was to lay out some of 
the information that will be used throughout the design process.  This information includes the naming 
convention that was used to reference the fifteen columns and twelve girders that were designed.  Also on 
this page are the load combinations and the frame names used. 
Final Girder Design-Seen on page four of Appendix K.  This page is the compilation of the final designs 
for all of the girders.  The girders were separated into two sections with the north south frame’s girders in 
the first and the east west frame’s girders below them.  The charts also include the moment and shear that 
had to be resisted by each of the girders.  These values for shear and moment were automatically taken 
from the results sheet which is described below.  The girders were designed to be symmetrical about the 
middle column because lateral forces could be applied from either direction.  Additionally, it was also 
decided that the east west frames would be designed to be the same to prevent twisting of the building 
when put under lateral loads.  The same was chosen to be true for the north south frames.  This decision 
applies to both the girders on this sheet, and the columns that are on the following one. This information 
was input from sheets G1 through G10. 
Final Column Design-Seen on page five of Appendix K.  This sheet is the collection of the final member 
sizes for the five columns designed for both the north south frame and the east west frame.  In the same 
manner with the girders, the columns were designed to be symmetrical because lateral forces could come 
from either direction.  Also, as mentioned in the previous sheet, the north south frames’ columns are the 
same and the east west frames’ are the same.  This sheet also has information about the total shear that 
must be carried by the member and the corresponding lateral deflection taken from RISA structural 
analysis. 
Frame 1-Risa data-Seen on page six and seven of Appendix K.  This sheet is where the raw data from 
RISA was input for analysis.  Frame 1 is the left hand north south frame.  The input data includes the axial, 
moment, and shear forces for the applied dead load, live load, wind load, and earthquake load.  The loads 
were applied in RISA without any load factors so that they could be combined  at a later time in any 
number of possibilities that were required.  The load combinations are completed in the frame 1-
combinations sheet below. 
Frame 2-RD-This sheet performed the same function as sheet 1 for the right hand north south frame. 
Frame 3-RD-This sheet performed the same function as sheet 1 for the top east west frame.  
Frame 4-RD-This sheet performed the same function as sheet 1 for the bottom east west frame. 
Frame 1-Combinations-Seen on page eight and nine of Appendix K.  On this page the raw data that was 
taken from RISA and input into the above four sheets was combined using the load combinations listed on 
the Naming Conventions sheet.  The axial, moment, and shear loads for each of the members were each 
combined separately using the three load combinations listed. 
Frame 2-C- This sheet performed the same function as sheet 1 for the right hand north south frame. 
Frame 3-C- This sheet performed the same function as sheet 1 for the top east west frame. 
Frame 4-C-This sheet performed the same function as sheet 1 for the bottom east west frame. 
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Results-Seen on page ten and eleven of Appendix K.  The results page took the data from the previous four 
sheets of load combinations and reorganized it by frame and load combination.  This method of separation 
made the steps following this point in the process simpler to perform.  Now that the data has been 
organized it was input into the girder design spreadsheet formerly mentioned.  The method of input was 
such that only the most critical values in each of the girder groups were listed. 
G1-Seen on page twelve and thirteen of Appendix K.  From the girder design spreadsheets the critical data 
taken from the results page was taken for each of the ten groups.  The first five girder groups (sheets G1-
G5) were for the north south frames and the last five groups (G6-G10) were for the east west frames.  The 
design of an individual girder encompassed a series of steps that are shown in this sheet.  The first of these 
was to input the loading criteria and girder information.  After a girder size and its information were put 
into the spreadsheet a series of adequacy checks were performed.  These checks included moment, shear, 
FLB and WLB for in-service loading, as well as a moment test involving lateral torsional buckling.  After 
a girder is designed it is output from the design sheet into the girder design sheet mentioned at the 
beginning. 
G2 through G10-These sheets were responsible for the design of the remaining 9 girders. They followed 
the same procedure that is described for sheet G1. 
Column Forces-Seen on page fourteen and fifteen of Appendix K.  The data in this sheet was input from 
the RISA data sheets (Frame 1-Rd, Frame 2-RD, etc.).  This sheet organized the information that was 
needed to run the column design spreadsheets which investigated the effect that combined moment and 
axial forces have on a column.  It was determined that load combination #2 did not need to be designed for 
because there were no lateral forces in this combination.  Additionally, the version of load combination #6 
that incorporated the wind load did not need to be designed for because load combination #4 was 
guaranteed to be more critical than LC #6 with wind (due to the load combination factors).  There are ten 
sections in this sheet, each of which corresponds directly to one of the column design sheets (C1 through 
C10).  
C1-Seen on page sixteen through twenty of Appendix K.  The data organized in the column forces sheet 
was input into this sheet for column design.  At the top of sheet C1 there was the loading information 
along with the column information needed to perform all of the necessary adequacy checks.  The checks 
that had to be run were done for each of the four load combinations independently, and each of these had 
to pass in order for the chosen member size to be adequate.  If one of them was not adequate, a new size 
with new information had to be input into the sheet and the checks had to be re-run. The last four pages of 
Appendix K outline the checks that were done for the four load combinations.  The column data was input 
at the top along with the loading information.  Then the axial+moment combination check was performed 
and checked for adequacy at the top of the sheet.  If all four of the LC’s checks passed, the member was 
adequate and was output into the column design sheet.   
C2 through C10-These sheets were responsible for designing the remaining 9 columns, which was done in 
the same manner that is laid out in C1. 
 
Note: Yellow cells represent a piece of information that must be manually input into the spreadsheet. 
 
Note: All information that was taken from the Steel Manual is referenced by table number within the 
spreadsheet next to the box where it was input. 
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Appendix L: Footing and Base Plate Design Spreadsheet 
 
Below is a table of all of the sheets found in the footing and baseplate design spreadsheet.  The following 
sixteen pages show the sheets that were used to determine the final sizes of the concrete footings and steel 
baseplates for all columns in both the three story and the six story designs. 
The columns that solely carried gravity load were designed first and recorded on the results sheet at the 
beginning of the work book.  After this the RISA and STAAD software was used to get the support 
reactions for the lateral frames and these axial and moment forces were used to design the footings and 
baseplates for the columns that carried gravity and axial loads. 
List of Sheets Found In the Spreadsheet: 
Results-Shown on page three of Appendix L, this sheet is the final compilation of all of the designed 
sizes.  After the design of a footing or baseplate was completed on one of the other sheets it was input to 
this sheet where all results are organized based upon the type of column being supported and which of the 
two designs it was for (3-story vs. 6-story). 
Sheets “1” through “18”-These eighteen sheets were responsible for the design of the gravity columns’ 
footing and baseplates.  The axial load and column size was taken from the results section, used for the 
design, and then the solutions were put back into the results sheet.  An example of one of these sheets is 
shown on pages four and five of Appendix L,  
3-Lateral Forces-This sheet is where the final forces for the three story lateral footing and baseplate 
design are located.  This sheet takes the maximum from all of the load combinations from the following 
two sheets and then sends the axial and moment values to the results page, where they are then sent to 
individual sheets for design.  This sheet is located on page six of Appendix L. 
3-East West Frame-This sheet is shown on page seven of Appendix L.  RISA was used to get values for 
the axial and moment forces for the three story lateral systems.  This sheet was then used to organize 
these support reactions, and combine them using all of the applicable load combinations.  The raw data in 
this sheet was then sent to the “3-lateral forces” sheet. 
 3-North South Frame-This sheet performed the same function as the “3-East West Frame” sheet, except 
it was done for the north south frame instead of the east west one. 
3-EWO-Located on pages nine and ten of Appendix L, this sheet was used to design the outer columns 
for the three story east west frame.  There were two design methods used and which one was applicable 
was based upon the eccentricity of the loading which determined whether the resulting force acted outside 
the column, or within its area of contact with the base plate. 
3-EWI, 3-EWM, 3-NSO, 3-NSI, 3-NSM-These sheets (not shown in appendix) did the same as sheet “3-
EWO” except they designed the footings and baseplates for the east west inner columns, the east west 
middle column, the north south outer column, the north south inner column, and the north south middle 
column respectively.  This grouping was done because lateral loads can act in either direction and as such 
the frames had to be symmetrical.  All of these sheets were for the three story campus center. 
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6-Lateral Forces-This sheet performed the same function as the “3-Lateral Forces” sheet, except it was for 
the six-story campus center. 
6-East West Frame-This sheet performed the same function as the “3-East West Frame” sheet, except it 
was for the six-story campus center. 
6-North South Frame- This sheet performed the same function as the “3-North South Frame” sheet, 
except it was for the six-story campus center. 
6-EWO- This sheet performed the same function as the “3-EWO” sheet, except it was for the six-story 
campus center. 
6-EWI, 6-EWM, 6-NSO, 6-NSI, 6-NSM- This sheet performed the same function as the “6-EWO” sheet, 
except it was for different columns of the six-story campus center frames.  As with the three story sheets 
of the same name, these sheets are not shown in the appendix.  Refer to sheet “6-EWO” as a reference for 
a typical design sheet. 
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Appendix M: Building Construction Type 
TABLE 601 FIRE-RESISTANCE RATING REQUIREMENTS FOR BUILDING 
ELEMENTS (hours)  
BUILDING ELEMENT 
TYPE I TYPE II TYPE III TYPE IV TYPE V 
A B A
d
 B A
d
 B HT A
d
 B 
Primary structural frame
g
 
(see Section 202) 
3a 2a 1 0 1 0 HT 1 0 
Bearing Walls          
Exterior
f,g
 3 2 1 0 2 2 2 1 0 
Interior 3
a
 2
a
 1 0 1 0 1/HT 1 0 
Nonbearing walls and partitions 
Exterior See Table 602 
Nonbearing walls and partitions 
Interior
e
 
0 0 0 0 0 0 
See Section 602.4.6 
 
0 0 
Floor construction and secondary 
members (see Section 202) 
2 2 1 0 1 0 HT 1 0 
Roof construction and secondary 
members (see Section 202) 
1
1
/2
b
 1
b,c
 1
b,c
 0
c
 1
b,c
 0 HT 1
b,c
 0 
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Appendix N: Building Height and Area Limitations 
TABLE 503 ALLOWABLE BUILDING HEIGHTS AND AREAS
a
  
 
Building height limitations shown in feet above grade plane. Story limitations shown as 
stories above grade plane. Building area limitations shown in square feet, as determined by 
the definition of "Area, building," per story  
GROUP 
  
TYPE OF CONSTRUCTION 
TYPE I TYPE II TYPE III TYPE IV TYPE V 
A B A B A B HT A B 
HEIGHT (feet) UL 160 65 55 65 55 65 50 40 
STORIES(S) 
AREA (A) 
A-1 
S 
A 
UL 
UL 
5 
UL 
3 
15,500 
2 
8,500 
3 
14,000 
2 
8,500 
3 
15,000 
2 
11,500 
1 
5,500 
A-2 
S 
A 
UL 
UL 
11 
UL 
3 
15,500 
2 
9,500 
3 
14,000 
2 
9,500 
3 
15,000 
2 
11,500 
1 
6,000 
A-3 
S 
A 
UL 
UL 
11 
UL 
3 
15,500 
2 
9,500 
3 
14,000 
2 
9,500 
3 
15,000 
2 
11,500 
1 
6,000 
B 
S 
A 
UL 
UL 
11 
UL 
5 
37,500 
3 
23,000 
5 
28,500 
3 
19,000 
5 
36,000 
3 
18,000 
2 
9,000 
M 
S 
A 
UL 
UL 
11 
UL 
4 
21,500 
2 
12,500 
4 
18,500 
2 
12,500 
4 
20,500 
3 
14,000 
1 
9,000 
S-1 
S 
A 
UL 
UL 
11 
48,000 
4 
26,000 
2 
17,500 
3 
26,000 
2 
17,500 
4 
25,500 
3 
14,000 
1 
9,000 
 
IBC 504.2 Automatic sprinkler system increase. Where a building is equipped throughout with an 
approved automatic sprinkler system in accordance with Section 903.3.1.1, the value specified in Table 
503 for maximum building height is increased by 20 feet (6096 mm) and the maximum number of 
stories is increased by one. 
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Appendix O: Occupant Loads and Classifications 
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G – Kitchen Storage 
 600 ft2 
 
NFPA 5000 Table 11.3.1.2 states 100ft2 per 
person 
 15 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
H – Kitchen  
 1500 ft2 
 
NFPA 5000 Table 11.3.1.2 states 100ft2 per 
person 
 15 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
I – Food Court Area 
 13900 ft2 
 
NFPA 5000 Table 11.3.1.2 states 15 net 
 927 people 
 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
 
J – Hallway  
 5100 ft2 
 
NFPA 5000 Table 11.3.1.2 states 5 net 
 1020 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IBC TABLE 1004.1.1 states 300 gross 
 2 people 
 
IBC Section 311 
Group S-1 
 
 
 
 
IBC TABLE 1004.1.1 states 200 gross 
7 people 
 
IBC Section 303.1  
Group B 
 
 
 
 
IBC TABLE 1004.1.1 states unconcentrated 
(tables and chairs) 15 net 
927 people 
IBC Section 303  
Group A 
 
 
 
 
 
IBC TABLE 1004.1.1 states concentrated 5 net 
 1020 people 
IBC Section 303 
 Group A 
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First Floor Notes: 
 
The Total Occupant Load for the first floor is 2320 people 
 
The first floor will be protected as an Assembly Occupancy. The bookstore is only 15% of the total floor 
area therefore it is considered a minor accessory use. 
 
NFPA 5000 Section 6.2.1.5   Where minor accessory uses do not occupy more than 25 percent of the 
area of any floor of a building, nor more than the basic area permitted for the occupancy by 7.4.2 for 
such minor use, for the purpose of determining permitted area, the principal use of the building shall 
determine the occupancy classification. 
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Floor 2  29,600 ft2 
 
A – Elevator Service Room 
200 ft2 
 
NFPA 5000 Section 6.2.1.5 
Accessory, therefore considered Assembly 
Occupancy 
 
 
B – Bathroom 
300 ft2 Each 
 
C – Café(Kitchen Area) 
900 ft2  
 
NFPA 5000 Table 11.3.1.2 states 100 ft2 per 
person 
 9 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
D – Food Area 
2700 ft2  
 
NFPA 5000 Table 11.3.1.2 states 15 net 
 213 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
E – Offices 
900 ft2, 900 ft2, 800 ft2 
 
NFPA 5000 Table 11.3.1.2 states 100 ft2 per 
person 
 9 people, 9 people, 8 people 
NFPA 5000 Section 6.1.11 
 Business Occupancy 
 
F – Mail Room 
 2100 ft2 
 
NFPA 5000 Table 11.3.1.2 states 100 ft2 per 
person 
 21 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
 
 
 
 
 
IBC TABLE 1004.1.1 states 300 gross 
1 person 
IBC Section 311 
Group S-1 
 
 
12 people Each 
 
 
 
 
IBC TABLE 1004.1.1 states 300 gross 
3 people 
 
IBC Section 303.1  
Group B 
 
 
 
 
IBC TABLE 1004.1.1 states 15 net 
213 people 
IBC Section 303  
Group A-2 
 
 
 
 
IBC TABLE 1004.1.1 states 100 gross 
9 people, 9 people, 8 people 
 
IBC Section 304 
Group B 
 
 
 
 
IBC TABLE 1004.1.1 states 100 gross 
21 people 
 
IBC Section 303 
Group A or B 
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G – Multimedia Hall 
 3300 ft2 
 
NFPA 5000 Table 11.3.1.2 states Number of 
Fixed Seats 220 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
H – Lounge Area 
 1800 ft2 
 
NFPA 5000 Table 11.3.1.2 states 15 net 
 120 people 
 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
I – Game Area 
 5400 ft2 
 
NFPA 5000 Table 11.3.1.2 states 15 net 
 360 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
J – Hallway  
 7200 ft2 
 
NFPA 5000 Table 11.3.1.2states 5 net 
 1440 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
 
 
 
 
 
 
 
 
 
 
IBC TABLE 1004.1.1 states Number of Fixed 
Seats (See 1004.7) Approx 220 people 
IBC Section 303 
Group A-1 
 
 
 
 
IBC TABLE 1004.1.1 states unconcentrated 15 
net 
 120 people 
IBC Section 303 
Group A-2 
 
 
 
 
IBC TABLE 1004.1.1 states 15 net  
360 people 
IBC Section 303 
Group A-1 
 
 
 
 
IBC TABLE 1004.1.1 states concentrated 5 net 
 1440 people 
IBC Section 303 
 Group A 
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Second Floor Notes:  
 
The Total Occupant Load for the second floor is 2428. 
 
The second floor is a mixed occupancy.  
 
The second floor is mixed between Business and Assembly Occupancies, therefore according to  
NFPA 5000 6.2.3.2 the second floor should fulfill the most restrictive fire and life safety 
requirements (Business Occupancy) 
 
NFPA 5000 Section 6.2.3.2   The means of egress facilities, type of construction, protection, and 
other safeguards in the building shall comply with the most restrictive fire and life safety 
requirements of the occupancies involved. 
 
6.2.3.3   The type of construction required for the building shall be determined in accordance 
with Section 7.4. 
 
6.2.3.4   The most restrictive, applicable, high-rise building provisions and fire protection system 
requirements shall apply to all portions of the building. 
 
IBC 303.1.2. A room or space used for assembly purposes with an occupant load of less than 50 persons 
and accessory to another occupancy shall be classified as a Group B occupancy or as part of that 
occupancy. 
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Floor 3  32,500 ft2 
 
A – Elevator Service Room 
200 ft2 
 
NFPA 5000 Section 6.2.1.5 
Accessory, therefore considered Assembly 
Occupancy 
 
 
B – Bathroom 
300 ft2 Each 
 
C – Odeum 
10400 ft2  
 
NFPA 5000 Table 11.3.1.2 states 15 net 
 694 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
D – Meeting Rooms 
1500 ft2 Each  
 
NFPA 5000 Table 11.3.1.2 states 15 net  
 100 ppl each *Only 50 ppl 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
E – Offices 
400 ft2, 600 ft2, 600 ft2, 600 ft2, 600 ft2, 900 ft2, 
900 ft2, 1400 ft2 
 
NFPA 5000 Table 11.3.1.2 states 100 ft2 
4 ppl, 6 ppl, 6 ppl, 6 ppl, 6 ppl,  9 ppl, 9 ppl, 14 
ppl 
NFPA 5000 Section 6.1.11 
 Business Occupancy  
 
F – Conference Room  
 1700 ft2 
 
NFPA 5000 Table 11.3.1.2 states 15 net 
 113 people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
 
 
 
 
 
 
IBC TABLE 1004.1.1 states 300 gross 
1 person 
IBC Section 311 
Group S-1 
 
 
12 people Each 
 
 
 
 
IBC TABLE 1004.1.1 states 15 net 
694 people 
IBC Section 303 
Group A-3 
 
 
 
 
IBC TABLE 1004.1.1 states 15 net 
100 people  
IBC Section 303  
Group A-3 
 
 
 
 
 
IBC TABLE 1004.1.1 states 100 gross 
4 people, 6 people, 6 people, 6 people, 6 
people, 9 people, 9 people, 14 people 
IBC Section 304  
Group B 
 
 
 
 
IBC TABLE 1004.1.1 states 15 net 
 113 people 
IBC Section 303 
Group A-3 
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G – Hallway 
 7300 ft2 
 
NFPA 5000 Table 11.3.1.2states 5 net 1460 
people 
NFPA 5000 Section 6.1.2 
 Assembly Occupancy 
 
 
 
 
 
 
IBC TABLE 1004.1.1 states concentrated 5 net 
 1460 people 
IBC Section 303 
 Group A 
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Third Floor Notes:  
 
The Total Occupant Load for the third floor is 2451 people. 
 
The third floor will be protected as an Assembly Occupancy. The offices are only 19.4% of the total floor 
area therefore it is considered a minor accessory use. 
 
NFPA 5000 Section 6.2.1.5   Where minor accessory uses do not occupy more than 25 percent of the 
area of any floor of a building, nor more than the basic area permitted for the occupancy by 7.4.2 for 
such minor use, for the purpose of determining permitted area, the principal use of the building shall 
determine the occupancy classification. 
 
 
 
General Notes:  
 
NFPA 5000 Section A.6.1.2.1 *Assembly occupancies are characterized by the presence, or potential 
presence, of crowds with attendant panic hazard in case of fire or other emergency. They are generally 
or occasionally open to the public, and the occupants, who are present voluntarily, are not ordinarily 
subject to discipline or control. Such buildings are ordinarily occupied by able-bodied persons and are 
not used for sleeping purposes. Special conference rooms, snack areas, and other areas incidental to, 
and under the control of, the management of other occupancies, such as offices, fall under the 50-
person limitation. 
 
A small assembly use is occupancy of any room or space for assembly purposes by fewer than 50 
persons in another occupancy that is incidental to such other occupancy and should be classified as part 
of the other occupancy and subject to the provisions applicable thereto. 
 
Restaurants and drinking establishments with an occupant load of fewer than 50 persons should be 
classified as mercantile occupancies. 
 
NFPA 5000 Section A.6.1.10.1 Office, storage, and service facilities incidental to the sale of merchandise 
and located in the same building should be considered part of the mercantile occupancy classification. 
 
IPC Table 403.1 Minimum Number of Water Closets  
http://www.americanrestroom.org/code/t403/index.htm 
 
 
IBC 508.2 Accessory occupancies. Accessory occupancies are those occupancies that are ancillary to the 
main occupancy of the building or portion thereof. Accessory occupancies shall comply with the 
provisions of Sections 508.2.1 through 9 and 508.2.5.3.  
 
IBC 508.2.1 Area limitations. Aggregate accessory occupancies shall not occupy more than 10 percent of 
the building area of the story in which they are located and shall not exceed the tabular values in Table 
503, without building area increases in accordance with Section 506 for such accessory occupancies. 
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IBC 508.3.1 Occupancy classification. Nonseparated occupancies shall be individually classified in 
accordance with Section 302.1. The requirements of this code shall apply to each portion of the building 
based on the occupancy classification of that space except that the most restrictive applicable provisions 
of Section 403 and Chapter 9 shall apply to the building or portion thereof in which the nonseparated 
occupancies are located. 
  
298 
 
Appendix P: Exit Access and Doorways 
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Appendix Q: Interior Finishes 
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Appendix R: Typical STAAD Output 
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Appendix S: Cost Analysis of 2 vs. 4 frame Six-Story LFRS 
 
Below is a table of all of the sheets found in the 6 story LFRS cost analysis spreadsheet.  The following 
five pages show the sheets that were used to determine which alternatives were the most economical.  The 
first page is the page where the results were compiled, and the following four sheets show how the cost 
for each of the frames was determined.  As explained in section 7.1.5 there were four frames used in each 
frame system, regardless of whether all four were involved in the lateral system.  This made it so there 
were equal lengths in feet of columns and girders and thus made the cost analysis more even. 
For each of the frames the lengths of each type of member in feet was determined based upon how many 
columns and girders of each member size there was.  Then the cost per foot for each size was taken from 
the RS Means text, and the two columns multiplied together gave the total cost of the frame. 
List of Sheets Found In the Spreadsheet: 
Totals: Located on the second page of Appendix S, this sheet shows the number and type of each frame 
involved in each of the systems, along with the cost per type of frame.  Also here are the final results for 
each of the four systems that were compared to determine which was the more effective for the two 
directions. 
EW 2 Frame: Located on the third page of Appendix S, this sheet contained all members that were 
involved in both the lateral frames and the gravity frames for the east-west two frame system.  Along with 
this information, there was the number of columns and girders for each size, the corresponding number of 
feet, and the cost per foot of the sizes.  This was then multiplied together and summed to get the cost per 
frame.  
EW 4 Frame: Located on the fourth page of Appendix S, this sheet is where the totals were determined 
for the east-west four frame system’s frames. 
NS 2 Frame: Located on the fifth page of Appendix S, this sheet is where the totals were determined for 
the north-south two system’s frames. 
NS 4 Frame: Located on the sixth page of Appendix S, this sheet is where the totals were determined for 
the north-south four frame system’s frames. 
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Appendix T: Braced Frame Design Spreadsheet 
 
Below is a table of all of the sheets found in the braced frame design spreadsheet.  On the following six 
pages are examples of some of the sheets that were used to calculate the member sizes.  The second page 
is the sheet where the results were compiled and the following sheets contain examples of the calculations 
to determine the applied loads and the final member sizes. 
List of Sheets Found In the Spreadsheet: 
Naming Convention: Seen on page two of Appendix T, this sheet outlines the naming convention for the 
6 cross members that are a part of the two different braced frame designs (one for east-west and one for 
north-south).  In addition, it also has some notes for the design and outlines the load combinations that 
were used to determine the compressive and tensile forces that the diagonal members are subjected to. 
Results: Seen on page three of Appendix T, this sheet is a compilation of all of the forces that each of the 
diagonal members are subjected to.  These forces are output to the design sheets which give the final 
designs back to this sheet.   
East West Loadings: Seen on page four of Appendix T, this sheet contains the dead, live, wind, and 
earthquake loads that were taken from a RISA analysis of the east west braced frame.  In addition, the 
loads are combined on this sheet using the load combinations from the results page, and then the 
maximum compressive and tensile forces are taken from these combinations and output to the “Results” 
sheet. 
North South Loadings: This sheet (not pictured below) performs the same function as “East West 
Loadings” except that it was done for the north south braced frame. 
EW10: This sheet is where the actual design of the individual members was completed.  The loading 
information was input from the “Results” page.  Based upon the loading and length table 4-11 from the 
steel manual was used to select an initial size based upon the compressive force.  This new member was 
then tested for slenderness adequacy.  Finally, a tensile test was run based upon the maximum tensile 
force the member was subjected to.  After the size is determined to be adequate it is output to the 
“Results” sheet. 
EW12, EW14, NS10, NS12, NS14: These sheets (not pictured below) preform the same design function 
as “EW10” except that they are for the other five member sizes that have to be designed. 
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Appendix U: Cost Estimate Calculations 
 
Appendix U shows the cost estimate spreadsheets for each floor and the designed members.  The 
first page in the appendix shows the results of the cost estimate which in presented in total cost 
and cost per square foot.  After the results page, each page shows the prices and calculations for 
all the members starting with the beams, girders, columns, fire protection systems, and ending 
with the exterior and interior costs. On the last page there is an example of the square foot cost of 
a fire protection system taken from the RS Means Assembly Cost book.  This was taken to 
compare the cost of the designed fire protection system.  The designed fire protection system is 
about a dollar less per square foot, but this cost does include hangers, valves, connection, or 
bends.  The calculated designed fire protection system includes the sprinklers and pipes needed 
for the entire building.
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Appendix V: Sprinkler System Data Sheet 
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Appendix W: Steel Pipe Data Sheet 
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Appendix X: Hydraulic Flow Calculations for Sprinkler Systems 
 
SYSTEM 1 
 
Step Number   
Flow in 
gpm 
Pipe 
Size 
(in.) Fitting   
Equiv. 
Pipe 
Length 
(ft) 
Friction 
Loss 
(psi/ft)   
Pressure 
Summary Notes 
Sprinkler 1 
q   
1.05 
  L 13 
0.067 
Pt 7 Pmin= 7psi 
Q 14.0 
  F   Pe   Q = 14.0 gpm 
  T 13 Pf 0.87 C = 120 
Sprinkler 2 
q 15.7 
1.05 
  L 13 
0.269 
Pt 7.87 q=5.6√7.87 
Q 29.7 
  F   Pe     
  T 13 Pf 3.50   
Sprinkler 3 
q 18.9 
1.38 
  L 13 
0.177 
Pt 11.37 q=5.6√11.37 
Q 48.6 
  F   Pe     
  T 13 Pf 2.30   
Sprinkler 4 
q 20.7 
1.61 
  L 13 
0.161 
Pt 13.67 q=5.6√13.67 
Q 69.3 
  F   Pe     
  T 13 Pf 2.09   
BL-1 
q   
2.07 
  L 62 
0.047 
Pt 15.76   
Q 69.3 
  F   Pe     
  T 62 Pf 2.94   
                Pt 18.70 Total Pressure 
 
 
The flow and pressure before the riser nipples will be the same for the next 3 branch lines, 
69.3gpm and 18.70psi respectively.  
 
Riser Nipple #1  
q   
2.47 
90 
degree 
elbow 
L 1 
0.020 
Pt 18.7   
Q 69.3 
F 6 Pe 0.43   
T 7 Pf 0.14   
   
 
  
  
Pt 19.27   
 
The pressure requirement for a branchline with 4 sprinklers and an elbow = 19.27psi 
The flow requirement for a branchline with 4 sprinklers and an elbow =   69.3gpm 
 
Riser Nipple #2 
q   
3.07 Tee 
L 1 
0.007 
Pt 18.70   
Q 69.3 
F 15 Pe 0.43   
T 16 Pf 0.11   
        
Pt 19.24   
 
The pressure requirement for a branchline with 4 sprinklers and a 3.0” Tee = 19.24psi 
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The flow requirement for a branchline with 4 sprinklers and a 3.0” Tee =   69.3gpm 
 
 
Riser Nipple #3 
q   
3.55 Tee 
L 1 
0.003 
Pt 18.70   
Q 69.3 
F 17 Pe 0.43   
T 18 Pf 0.06   
        
Pt 19.19   
 
The pressure requirement for a branchline with 4 sprinklers and a 3.5” Tee = 19.19psi 
The flow requirement for a branchline with 4 sprinklers and a 3.5” Tee =   69.3gpm 
 
Without taking pressure losses due to friction between the riser nipples into account, the 
following are the initial pressure and flow requirements for riser nipples 1, 2, and 3 with 1 being 
the one farthest away from the riser. 
 
Bottom of Riser Nipple #1 
 P= 19.27psi 
 Q= 69.3gpm  
 
Bottom of Riser Nipple #2 
 P= 19.24psi 
 Q= 69.3gpm 
 
Bottom of Riser Nipple #3 
 P= 19.19psi 
 Q= 69.3gpm 
 
Now that the requirements for each of the branch lines has been calculated the calculations can 
be done along the cross main taking pressure losses due to friction into account, and then down 
the riser, taking elevation and friction losses into account.  
Cross Main 1 to 
Cross Main 2 
q   
2.47   
L 10 
0.020 
Pt 19.27 k=Q/√P 
Q 69.3 
F 0 Pe   k= 69.3/√19.27 
T 10 Pf 0.20 k= 15.96 
        
Pt 19.47   
           
Cross Main 2 to 
Cross Main 3 
q 70.4 
3.07   
L 10 
0.025 
Pt 19.47 q= 15.96*√19.47 
Q 139.7 
F 0 Pe   
  T 10 Pf 0.25 
        
Pt 19.72   
           
Cross Main 3 to 
Cross Main 5 
q 70.9 
3.55   
L 10 
0.027 
Pt 19.72 q= 16*√19.72 
Q 210.6 
F 0 Pe     
T 10 Pf 0.27   
        
Pt 19.99   
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Cross Main 5 to 
Top of the Riser 
q 71.4 
4.03 
90 
degree 
elbow 
L 12 
0.025 
Pt 19.99 q= 16*√20.8 
Q 282.0 
F 10 Pe     
T 22 Pf 0.54   
        
Pt 20.54   
           
Top of Riser to 
bottom of Riser 
q   
6.07 
Alarm 
& 
Control 
Valve  
L 36 
0.003 
Pt 20.54   
Q 282.0 
F 0 Pe 15.59   
T 36 Pf 0.24   
        
Pt 36.36   
           
Hose 
q 100.0 
    
L 0 
  
Pt 36.36 Hose Demand for 
L.H. is 100gpm for 
30 mins. 
Q 382.0 
F 0 Pe   
T 0 Pf 0.00 
        
Pt 36.36   
 
The final sprinkler system demand is 282.0gpm at 36.36psi for System 1. 
The final hose demand is 382.0gpm at 36.36psi for System 1.  
 
SYSTEM 2 
 
Step 
Number   
Flow in 
gpm 
Pipe 
Size 
(in.) Fitting   
Equiv. 
Pipe 
Length 
(ft) 
Friction 
Loss 
(psi/ft)   
Pressure 
Summary Notes 
Sprinkler 1 
q   
1.05   
L 1 
0.067 
Pt 7 Pmin= 7psi 
Q 14.0 
F   Pe   Q = 14.0 gpm 
T 1 Pf 0.07 C = 120 
        
Pt 7.07 
  
Sprinkler 2 
q   
1.05   
L 10 
0.067 
Pt 7.07 q=5.6√7.74 
Q 14.0 
F   Pe     
T 10 Pf 0.67   
Sprinkler 3 
q 15.6 
1.05 Tee 
L 15 
0.267 
Pt 7.74   
Q 29.6 
F 5 Pe     
T 20 Pf 4.01   
 
  
   
 
 
Pt 11.74 
  
 
The larger of the two pressures is going to be used for both sides. An equivalent K-factor will be 
found for the side with the lower pressure and then used to calculate the new flow for the larger 
pressure.  The k-factor for the section with one sprinkler will be equal to Q/sqrt(P) = 14/sqrt(7.07) 
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= 5.27. Based upon the new pressure (11.74psi), and the equivalent k-factor, the new flow for the 
sprinklers 2,3 is equal to k*sqrt(P) = 5.3*sqrt(11.74psi) = 18.16gpm.  The new final flow is equal 
to 29.6 + 18.16 = 47.76gpm.   
 
The new flow and pressure is 47.76gpm and 11.74psi respectively.   
 
Sect. 
between J-
1 and SP-3 
q   
1.38   
L 12 
0.171 
Pt 11.74 q=5.6√13.67 
Q 47.8 
F   Pe     
T 12 Pf 2.06   
        
Pt 13.80   
 
Need to include the 12 foot section between the first junction point and sprinkler 2.  
 
Sprinkler 4 
q   
1.61   
L 3 
0.081 
Pt 13.80   
Q 47.8 
F   Pe     
T 3 Pf 0.24   
        
Pt 14.04   
           
Sprinkler 5 
q   
1.05   
L 10 
0.067 
Pt 7.07 q=5.6√7.74 
Q 14.0 
F   Pe     
T 10 Pf 0.67   
Sprinkler 6 
q 15.6 
1.05 Tee 
L 15 
0.267 
Pt 7.74   
Q 29.6 
F 5 Pe     
T 20 Pf 4.01   
        
Pt 11.75 
  
The larger of the two pressures is going to be used for both sides.  The k-factor for the section 
with two sprinklers (the lower pressure of the two) will be equal to Q/sqrt(P) = 29.6/sqrt(11.75) 
= 8.64.  Based upon the new pressure (14.04psi), and the equivalent k-factor, the new flow for 
the sprinkler 4 is equal to k*sqrt(P) = 8.64*sqrt(14.04psi) = 32.37gpm.  The new final flow is 
equal to 47.3 + 32.37 = 79.67gpm.  
 
The new flow and pressure is 79.67gpm and 14.04 psi respectively. 
 
Sect. 
between J-
2 and SP-7 
q   
1.61   
L 10 
0.208 
Pt 14.04   
Q 79.7 
F   Pe     
T 10 Pf 2.08   
        
Pt 16.12   
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Sprinkler 7 
q 22.5 
2.07   
L 13 
0.097 
Pt 16.12 q=5.6√16.12 
Q 102.2 
F   Pe     
T 13 Pf 1.26   
Sprinkler 8 
q 23.3 
2.07 
  L 13 
0.142 
Pt 17.38 q=5.6√17.38 
Q 125.5 
  F   Pe     
  T 13 Pf 1.85   
BL-1 
q   
2.07   
L 62 
0.142 
Pt 19.23   
Q 125.5 
F   Pe     
T 62 Pf 8.81   
                Pt 28.03 Total Pressure 
 
The flow and pressure before the riser nipple is 125.5gpm and 28.03psi respectively. 
 
Riser 
Nipple #1  
q   
2.47 Tee 
L 1 
0.060 
Pt 28.03   
Q 125.5 
F 12 Pe 0.43   
T 13 Pf 0.78   
   
 
  
  
Pt 29.25   
 
The pressure requirement for a branchline with 8* sprinklers and 2.5” Tee = 29.25psi 
The flow requirement for a branchline with 8* sprinklers and 2.5” Tee =   125.5gpm 
 
The hydraulic calculations for the branchline 2 and 3 will be the same.  The pressure and flow 
will be equal to 15.76psi and 69.3gpm respectively. 
 
Step Number   
Flow in 
gpm 
Pipe 
Size 
(in.) Fitting   
Equiv. 
Pipe 
Length 
(ft) 
Friction 
Loss 
(psi/ft)   
Pressure 
Summary Notes 
Sprinkler 9 
q   
1.05   
L 13 
0.067 
Pt 7 Pmin= 7psi 
Q 14.0 
F   Pe   Q = 14.0 gpm 
T 13 Pf 0.87 C = 120 
Sprinkler 10 
q 15.7 
1.05   
L 13 
0.269 
Pt 7.87 q=5.6√7.87 
Q 29.7 
F   Pe     
T 13 Pf 3.50   
Sprinkler 11 
q 18.9 
1.38   
L 13 
0.177 
Pt 11.37 q=5.6√11.37 
Q 48.6 
F   Pe     
T 13 Pf 2.30   
Sprinkler 12 
q 20.7 
1.61   
L 13 
0.161 
Pt 13.67 q=5.6√13.67 
Q 69.3 
F   Pe     
T 13 Pf 2.09   
        
Pt 15.76 
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Riser Nipple 
#2,3 
q   
3.07 Tee 
L 1 
0.007 
Pt 18.70   
Q 69.3 
F 15 Pe 0.43   
T 16 Pf 0.11   
        
Pt 19.24   
 
The pressure requirement for a branchline with 4 sprinklers and 3.0” Tee = 19.24psi 
The flow requirement for a branchline with 4 sprinklers and 3.0” Tee =   69.3gpm 
 
Without taking pressure losses due to friction between the riser nipples into account, the 
following are the initial pressure and flow requirements for riser nipples 1, 2, and 3 with 1 being 
the one farthest away from the riser. 
 
Bottom of Riser Nipple #1 
 P= 29.25psi 
 Q= 125.5gpm  
 
Bottom of Riser Nipple #2 
 P= 19.24psi 
 Q= 69.3gpm 
 
Bottom of Riser Nipple #3 
 P= 19.24psi 
 Q= 69.3gpm 
 
Now that the requirements for each of the branch lines has been calculated the calculations can 
be done along the cross main taking pressure losses due to friction into account, and then down 
the riser, taking elevation and friction losses into account.  
 
           
Cross Main 1 
to Cross 
Main 2 
q   
3.07   
L 10 
0.021 
Pt 29.25 k=Q/√P 
Q 125.5 
F 
0 Pe   
k= 
125.5/√29.25 
T 10 Pf 0.21 k= 23.2 
        
Pt 29.46   
           Cross Main 2 
to Cross 
Main 3 
q 125.9 
3.07   
L 10 
0.075 
Pt 29.46 q= 23.2*√19.47 
Q 251.4 
F 0 Pe   
  T 10 Pf 0.75 
        
Pt 30.21   
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Cross Main 3 
to Cross 
Main 5 
q 127.5 
3.55   
L 10 
0.079 
Pt 30.21 q= 23.2*√19.72 
Q 378.9 
F 0 Pe     
T 10 Pf 0.79   
        
Pt 31.00   
           Cross Main 5 
to Top of the 
Riser 
q 129.2 
4.03 
90 
degree 
elbow 
L 12 
0.074 
Pt 31.00 q= 23.2*√20.8 
Q 508.1 
F 10 Pe     
T 22 Pf 1.62   
        
Pt 32.62   
           
Top of Riser 
to bottom of 
Riser 
q   
6.07 
 Alarm 
& 
Control 
Valve 
L 36 
0.010 
Pt 32.62   
Q 508.1 
F 35 Pe 15.59   
T 36 Pf 0.71   
        
Pt 48.92   
           
Hose 
q 100.0 
    
L 0 
  
Pt 48.92 
Hose Demand 
for L.H. is 
100gpm for 30 
mins. 
Q 608.1 
F 0 Pe   
T 0 Pf 0.00 
        
Pt 48.92 
 
The final sprinkler system demand is 508.1gpm at 48.92psi for System 2. 
The final hose demand is 608.1gpm at 48.92psi for System 2. 
 
